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Lipid droplet is an important eukaryotic organelle primarily used for dynamic 
storage of neutral lipids. It is centered on a neutral lipid core consisting of 
triacylglycerols and sterol esters. The core is surrounded by a phospholipid 
monolayer. Lipid droplets recruit a specific set of proteins and exhibit physical 
and functional interactions with other cellular organelles. Understanding what 
determines the cellular amount of neutral lipids and their packaging into lipid 
droplets is of fundamental and applied interest. In this thesis, I identify a major 
CDP-DAG synthase, Cds1, as an important player in controlling neutral lipid 
metabolism in fission yeast. I show that defects in Cds1 function lead to a 
marked increase in cellular triacylglycerol content and assembly of 
abnormally large LDs closely associated with the endoplasmic reticulum 
membranes. These large LDs grow by expansion in situ, recruiting the 
triacylglycerol synthesis machinery to the specialized endoplasmic reticulum 
domains. I further investigate the physiological requirements for Cds1 
function and show that disabling the CDP-DAG pathway of phosphatidic acid 
utilization rewires cellular metabolism to adopt a triacylglycerol-rich lifestyle 
reliant on the Kennedy pathway. My work provides insights into lipid droplet 
biogenesis but also illuminates the complexity of functional intersections 
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Chapter 1 Introduction 
 
Lipid droplets (LDs) are cellular organelles that are present in most eukaryotic 
cells and a small group of gram-negative bacteria, such as Rhodococcus or 
Streptomyces species (Packter and Olukoshi, 1995). The organelle has been 
also referred to as lipid body, adiposome, or oil body (Brasaemle and Wolins, 
2012; Fujimoto and Parton, 2011; Penno et al., 2013; Thiele and Spandl, 2008; 
Walther and Farese, 2012). LDs are first described in the 19
th
 century by light 
microscopy through their high diffraction properties (Farese and Walther, 
2009). However, the organelle was largely ignored at that time presumably 
because it was long perceived as the place for inert lipid storage and possessed 
of little functional relevance. Not until the year 1991 when a phosphor protein 
Perilipin that specifically localized to LDs in adipocytes was discovered, did 
the organelle obtain new attention as a dynamic structure, including basic 
research in LD biogenesis and function, especially for the function in lipid 
metabolism which might relate to obesity and oil production (Greenberg et al., 
1991). 
 
LDs maintain broadly similar structure in all cell types. Each centers on a 
neutral lipid core that is mainly composed of triacylglycerols (TAGs) and 
sterol esters (StEs). The neutral lipid core is enveloped by a phospholipid 
monolayer that recruits a specific subset of associated proteins (Tauchi-Sato et 
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al., 2002). These proteins enable LDs to interact physically and functionally 
with other organelles such as the endoplasmic reticulum (ER), peroxisomes 
and mitochondria (Binns et al., 2006; Murphy, 2001; Ostermeyer et al., 2001; 
Ozeki et al., 2005; van Meer et al., 2008). The following sections would 
provide an overview on the structure, functions and proposed biogenesis of 
LDs. 
 
1.1 The structure of lipid droplets 
 
Lipid droplet (LDs) has been identified as a cellular organelle for deposition of 
neutral lipids. Ganong (1984) and Pagano (1985) found that neutral lipids 
could move rapidly and spontaneously into LDs in erythrocytes and fibroblasts 
(Ganong and Bell, 1984; Pagano and Sleight, 1985). The neutral lipids, TAGs 
and SEs have been shown to be the main components of LD core in various 
cell types from different organisms (reviewed by (Zweytick et al., 2000)). In 
2002, Tauchi-Sato and colleagues showed by both cryoelectron microscopy 
and freeze-fracture electron microscopy that LDs were surrounded by a 
phospholipid monolayer (Mori et al., 2001; Tauchi-Sato et al., 2002). Besides 
the neutral lipid core and the single monolayer, LDs contain proteins on its 
surface as well. Following the first identified LD specific protein, Perilipin, 
proteins related to lipid metabolism were found to associate with LDs by using 
proteomics approaches (Athenstaedt et al., 1999; Bartz et al., 2007; Beller et 
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al., 2006; Binns et al., 2006; Brasaemle et al., 2004; Cermelli et al., 2006; 
Fujimoto et al., 2004; Huh et al., 2003; Liu et al., 2004; Natter et al., 2005; 
Sato et al., 2006; Turro et al., 2006; Umlauf et al., 2004; Wan et al., 2007; Wu 
et al., 2000). For example, the major enzymes of the 
patatin-domain-containing family lipases, which are conserved among yeast 
(Tgl4), Drosophila (BRUMMER lipase), Arabidopsis 
(SUGAR-DEPENDENT1), and humans (ATGL), are enriched at the periphery 
of LDs (Kurat et al., 2009). Perhaps not surprisingly, further research also 
identified cell type-specific protein complements. For instance, perilipin 
(PLIN) and Cell death-induced DFF45-like effector (CIDE) are crucial LD 
surface proteins in mammalian cells, helping to maintain LD structure and 
expansion. Interestingly, these proteins are not conserved in yeasts (Grillitsch 
et al., 2011). In addition, ER, mitochondrial and peroxisomal proteins are 
frequently found on LDs, suggesting their tight functional and structural 
association (reviewed by (Goodman, 2009)). The detailed characterization of 
LD structure and composition altered existing view on LDs as inert 








1.2 The functions of LDs 
 
1.2.1 Roles in cellular metabolism 
 
Neutral lipids in LDs can be utilized to produce metabolic energy and 
membrane phospholipid precursors. A subset of LD-associated proteins 
catalyzes the biosynthesis of core neural lipids (Listenberger et al., 2003) 
while others break down the stored lipids to produce energy or supply fatty 
acids for phospholipid synthesis (Kurat et al., 2009). Moreover, LD is a vital 
functional deposit of neutral lipids and proteins rather than a simple 
accumulation of them. On a cellular level, LDs function to protect cells from 
fatty acid-induced lipotoxicity (Listenberger et al., 2003). Listenberger and 
co-authors proposed that LD formation was also related to other aspects of 
cellular metabolism (Listenberger et al., 2003). The authors showed that the 
increase in resistance to fatty acid (FA) induced apoptosis correlated with the 
accumulation of TAG in CHO cells treated with oleate. Thus, they suggest that 
TAG accumulation in non-adipose cells serves to protect cells against fatty 
acid-induced cellular lipotoxity causing by the increase of unsaturated fatty 
acids. In addition, LDs maintain cellular lipid homeostasis by responding to 
signals or nutrients for lipid uptake, storage, digest and secretion(reviewed by 
(Walther and Farese, 2009)). Therefore, deficiency in LDs could result in lipid 
homeostasis abnormalities. For the human beings, such disorders are 
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frequently observed in common diseases, such as obesity, diabetes and fatty 
liver (Agarwal et al., 2002; Hayashi et al., 2009; Londos et al., 1999b; Magre 
et al., 2001; Nishino et al., 2008; Rajab et al., 2010; Tai and Ordovas, 2007). 
For example, dysregulation of lipolysis in adipocytes is observed in diabetes 
(Londos et al., 1999a), and remarkable accumulation of LDs occurs in foam 
cells in atherosclerosis (Brown et al., 1980). Moreover, defects in re-routing of 
the TAG-derived diacylglycerol (DAG) to phospholipid production may cause 
abnormal proliferation of LDs in human disorders called the neutral lipid 
storage disease (NLSD) (Igal and Coleman, 1998). In fact, identification of a 
multitude of functions and links to human disease reveal that LD is a highly 
dynamic organelle rather than a simple deposit of neutral lipids. 
 
1.2.2 Interactions with other cellular organelles 
 
LDs are highly dynamic and interact with other cellular organelles to carry out 
multiple functions. Being a lipid deposit site, LD releases free fatty acids from 
hydrolysis of stored TAG for mitochondria and peroxisomes to generate ATP 
through beta-oxidation (Binns et al., 2006; Murphy, 2001), and for the ER to 
use them in phospholipid biosynthesis (van Meer et al., 2008). Close 
association of the ER and LDs was revealed by electron microscopy (EM) 
observations (Ostermeyer et al., 2001; Ozeki et al., 2005). Furthermore, close 
apposition between LDs and mitochondria has been reported by Cushman 
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(1970) and Novikoff (1980) (Cushman, 1970; Novikoff et al., 1980). In 2006, 
Sturmey detected by FRET (Förster Resonance Energy Transfer) that the 
distance between LDs and mitochondria did not exceed 10-nm (Sturmey et al., 
2006). Binns (2006) discovered that LDs are also physically coupled to 
peroxisomes, forming a hemi-fusion structure (Binns et al., 2006). 
Furthermore, close apposition was also observed between LDs and endosomes 
(Liu et al., 2007). 
 
1.2.3 Emerging new functions of LDs 
 
As described above, proteins from the ER, mitochondria and peroxisomes are 
frequently detected at LDs because of the tight functional and structural links 
between these organelles in lipid metabolism. However, a group of proteins 
that are formerly thought to be unique to other cellular compartments and 
seem less related to lipid metabolism are discovered to associate with LDs by 
proteomic studies (reviewed in (Welte, 2007)). For example, the chaperone 
Hsp70 is reported to accumulate on LD surface after heat shock in adipose cell 
(Jiang et al., 2007). Inosine monophosphate dehydrogenase (IMPDH), an 
enzyme involved in purine biosynthesis, translocates to LD surface following 
insulin stimulation in mammalian cells (Whitehead et al., 2004). And in 
Drosophila larva, LDs are found to associate with 50% or more H2A, H2B 
and H2Av histone proteins (Cermelli et al., 2006). A common observation is 
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that the translocation to LDs is induced following cellular protein levels 
increase, suggesting that LDs could function as transient storage depot for 
highly abundant proteins (Cermelli et al., 2006; Cole et al., 2002; Martin and 
Parton, 2005; Umlauf et al., 2004). A recent work provides an insight into this 
hypothesis (Li et al., 2012). Li and colleagues discovered a previously 
uncharacterized protein Jabba whose function is to recruit histones to LDs. In 
Jabba deficient individuals, the amount of H2A, H2B and H2Av histones 
decreased dramatically resulting in death of the larva. However, their mRNA 
level was not significantly different from the wild type, suggesting that the LD 
localization protects proteins from degradation.  
 
1.3 The biogenesis of LDs 
 
Evidence shows that LD formation and enlargement are often linked to the cell 
cycle progression (Kwok and Wong, 2005; Long et al., 2012). However, how 
LDs are formed is not yet clear, although it is generally believed that they are 
generated from the ER. Several models have been proposes to describe the 
formation of LDs from the ER (Goodman, 2008). In addition, the mechanisms 
underlying LD size increase remain uncertain. Although rarely observed under 
physiological conditions, small LDs could coalesce to form larger structures 
(Murphy et al., 2010). Alternatively LDs may grow by expansion in situ 
(Fujimoto et al., 2007; Jacquier et al., 2011; Kuerschner et al., 2008; Xu et al., 
8 
 
2012). These alternative enlargement strategies may ultimately depend on 
levels of phospholipids forming the LD shell and/or a complement of 
LD-interacting proteins. Although the detailed mechanism of neutral lipid 
addition to LDs remains to be elucidated, enzymes that facilitate neutral lipid 
synthesis have been shown to relocalize from the ER to LDs presumably 
adding neutral lipids during LD expansion (Kuerschner et al., 2008; Ploegh, 
2007; Robenek et al., 2009). 
 
Because physical connection between cellular membrane-bound organelles 
often prompts exchange of metabolic and/or signaling molecules, 
identification of several ER-localized neutral lipid synthesis proteins led to a 
hypothesis that the biogenesis of LD may in fact occur at the ER. There have 
been proposed three major models for LD formation. One model describes that 
neutral lipids are synthesized and accumulate between the bilayer membrane 
leaflets of the ER (Reviewed in (Goodman, 2008)). When the neutral lipids 
accumulate to a certain level and bulge out, the ER “secrets” this neutral lipid 
lens to form a mature LD. The LD individuation is proposed to depend on 
cytosolic factors such as PAT proteins (Figure 1.3 A). In a recent modification 
of this model, LDs are proposed to remain associated with the ER, keeping 
lipids exchange with the ER lumen (Levine, 2004). However, two major 
problems that could allow substantiation of these proposed mechanisms 
remain unsolved. Firstly, the detailed mechanism underlying channeling the 
9 
 
neutral lipids to the premature LDs is not known yet. Secondly, it is not clear 
how LDs are prevented from diffusing through the hydrophobic phase in the 
ER membrane bilayer. A second model describes that LDs are proposed to 
excise from the ER bilayer membranes to form the neutral-lipid filled bicelles. 
Both the strong and weak points of this hypothesis lie in the process of 
excision. Although the ER-associated degradation (ERAD) could in principle 
assist LD formation through this mechanism, it is currently difficult to explain 
how holes on the ER membrane generated by excision could be repaired 
(Ploegh, 2007) (Figure 1.3 B). Finally, a third model posits that the LDs 
originate by utilizing the vesicle formation machinery in the secretory pathway, 
initially forming small bilayer vesicles where one of the bilayers ends up being 
pushed to a side of the growing LD during neutral lipid deposition 
(Kuerschner et al., 2008; Robenek et al., 2005) (Figure 1.3 C). All of these 























1.4 The enlargement of LDs 
 
Lipid droplets often noticeably vary in size even within the same cell and this 
difference may approach orders of magnitude between distinct cell types 
(reviewed in (Yang et al., 2012)). At least two mechanisms could account for 
LD enlargement: fusion of smaller LDs or de novo expansion of an individual 
LD. 
 
Fusion of smaller LDs resulting in formation of larger super-structures was 
proposed to be promoted by higher levels of phosphatidic acid (PA) or lower 
amounts of phosphatydilcholine (PC) in the phospholipid monolayer of LDs 
(Fei et al., 2011; Guo et al., 2008; Penno et al., 2013). However, it has been 
proposed that LD expansion in situ could be a more common occurrence. In 
this process, neutral lipids are proposed to be synthesized directly at the 
LD-ER contact sites or delivered into the lipid core of LDs after being 
produced in the ER (Fujimoto et al., 2007; Jacquier et al., 2011; Kuerschner et 
al., 2008; Xu et al., 2012). Although the detailed mechanism has not been 
worked out, Jacquier (2011) and Xu (2012) recently reported that enzymes 
responsible for neutral lipid synthesis could indeed relocate from the ER to 





1.5 Lipid metabolism in yeast 
 
As described before, TAG is one of the main components in LDs, and 
therefore, its biosynthesis is closely related to LD biogenesis and enlargement. 
The pathway of TAG synthesis is relatively well studied in yeast. The 
Kennedy pathway (Brindley, 1984; Christiansen, 1979; Nanjundan and 
Possmayer, 2003) describes that TAG is derived from DAG, whose precursor, 
phosphatidic acid (PA), is used in production of all membrane phospholipids. 
On the one hand, PA can be dephosphorylated by the lipin proteins to yield 
DAG feeding into the Kennedy pathway (Carman and Han, 2009b). 
Alternatively, PA can be condensed with cytidine triphosphate (CTP) to 
produce CDP-diaglycerol (CDP-DAG) by CDP-DAG synthase Cds1, a 
member of phosphatidate cytidylyltransferase family of proteins (Carter and 
Kennedy, 1966). CDP-DAG is then used in production of phosphatidylinositol 
(PI), phosphatidylserine (PS), phosphatidylcholine (PC), 
phosphatidylethanolamine (PE) and other specialized phospholipid classes via 
the de novo pathway (Brindley, 1984; Christiansen, 1979; Nanjundan and 











1.5.1 Functions of TAG 
 
TAG constitutes the most efficient form of cellular energy storage, allowing 
cells to endure periods of nutrient deprivation. Initially this molecule was 
considered only as an efficient storage device that would be utilized in the 
absence of other carbon sources (reviewed in (Kohlwein, 2010; Reue and 
Brindley, 2008). However, recent research revealed that TAG also provides FA 
and DAG precursors for membrane lipid biosynthesis during normal cell 
growth. TAG can generate DAG by a single deacylation reaction, and also 
could generate free FAs by lipolysis by lipases such as Tgl4. In turn, free FAs 
released by lipolysis could be activated by acyl-CoA synthetases and be 
utilized for glycerol-3-phosphate acylation, eventually yielding PA (Kurat et 
al., 2009; Malanovic et al., 2008).  
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1.5.2 From PA to TAG 
 
In yeast cells, there are two major TAG synthases, Dga1 and Lro1, that 
catalyze acylation of the precursor lipid diacylglycerol (DAG) (Athenstaedt, 
2011). To yield DAG, the yeast lipin orthologue, Pah1, catalyzes 
dephosphorylation of PA (Adeyo et al., 2011; Smith et al., 1957). This reaction 
can be counter balanced by the function of the dgk1-encoded DAG kinase 
(Han et al., 2008).  
 
1.5.3 The key role of PA in lipid metabolism 
 
PA can be dephosphorylated to yield DAG as described above, but it is also 
used to produce CDP-diacylglycerol (CDP-DAG) by condensation with CTP. 
Therefore PA is an important branch point intermediate for the biosynthesis of 
both TAG and phospholipids (Carman and Han, 2009b). In the CDP-DAG 
pathway, CDP-DAG serves as a precursor of phosphatidylinositol (PI) and 
phosphatidylserine (PS), with PS eventually undergoing enzymatic conversion 
to phosphatidylcholine (PC) and phosphatidylethanolamine (PE) (Steiner and 
Lester, 1972). When the CDP-DAG pathway is blocked, yeast cells may still 
synthesize PC and PE through the DAG-dependent route, called the Kennedy 
pathway, which requires external supplementation with phospholipid 
precursors choline and ethanolamine (Brindley, 1984; Christiansen, 1979; 
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Nanjundan and Possmayer, 2003). Therefore, regulation of PA utilization may 
influence the overall biosynthesis of both phospholipids and TAGs. 
 
1.5.4 The CDP-DAG synthases 
 
The enzyme that catalyzes one of the important branch reactions described in 
section 1.2.3, from PA to CDP-DAG, is the CDP-DAG synthase, a member of 
a so-called phosphatidate cytidylyltransferase family. CDP-DAG synthase was 
initially discovered in guinea pig liver, embryonic chick brain, but also in 
Escherichia coli, though later it was identified in all major domains of life 
(Carman and Kelley, 1992; Carter, 1968; Carter and Kennedy, 1966; Kennedy 
et al., 1966; Petzold and Agranoff, 1967; Saito et al., 1997; Zhou et al., 2013). 
Most unicellular eukaryotes carry a single copy of cds1 gene encoding the 
CDP-DAG synthase predicted to localize to the ER (Kuchler et al., 1986; 
Tamura et al., 2013). Interestingly, it was recently shown that the 
evolutionarily conserved protein Tam41 previously implicated in 
mitochondrial maintenance also exhibits CDP-DAG synthase activity 
converting PA to CDP-DAG specifically within the inner membrane of 
mitochondria (Tamura et al., 2006). This mitochondria-restricted phospholipid 
biosynthesis pathway was shown to be important for optimal mitochondrial 




1.6 Using Schizosaccharomyces japonicus and Schizosaccharomyces pombe 
as experimental platforms for this study 
 
In this study, we utilize two fission yeast species, Schizosaccharomyces 
japonicus (S. japonicus) and Schizosaccharomyces pombe (S. pombe) as 
model organisms. S. pombe and S. japonicus belongs to the genus 
Schizosaccharomyces within the fungal phylum of Ascomycota. S. pombe is a 
commonly used model organism, while S. japonicus is an early diverging little 
studied species within the clade. These two species are separated by 
approximately 200 million years of evolution (Nurse and Thuriaux, 1980; 
Rhind et al., 2011). These two yeasts share high genome similarity and similar 
cellular morphology (Rhind et al., 2011). In recent years, Niki’s laboratory at 
the National Institute for Genetics in Japan has constructed auxotrophic and 
heterothallic strains, episomal plasmid vectors, and diploid cells for ade6 inter 
allelic complementation as basic genetic tools for working with S. japonicus. 
They also established basic cell manipulation methods, including a robust 
transformation protocol (Aoki et al., 2011; Aoki et al., 2010; Furuya et al., 
2012; Furuya and Niki, 2009). In recent studies of mitotic nuclear remodeling 
and division site placement members of our laboratory have constructed 
multiple transgenic S. japonicus strains and developed an extensive 
experimental toolbox, including generation of the temperature-sensitive 
mutant libraries, construction of S. japonicus specific vectors, refining mutant 
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identification by high-throughput sequencing, cloning of the inducible 
promoters and setting up the targeted mutagenesis system (Yam et al., 2013; 
Yam et al., 2011). Taken together, these two labs set an experimental platform 




1.7.1 Mechanisms underlying lipid droplet formation and growth 
 
As mentioned in Sections 1.3 and 1.4, questions remain as to which model(s) 
accounts fully for formation and enlargement of lipid droplets. Investigating 
mutant scenarios where the LD structure is abnormal could provide functional 
insights not only into the roles of the mutated gene but also into general 
mechanisms underlying LD formation. In this thesis I discuss the unique 
structure of abnormal LDs in cells deficient in CDP-DAG synthase function, 
which may contribute to a better understanding of the biogenesis of lipid 








1.7.2 Influence of the CDP-DAG synthase Cds1 on cellular lipid 
homeostasis 
 
As discussed before, it is useful to study how the changes in the patterns of 
cellular lipid composition could affect formation and enlargement of LDs. The 
major ER-localized CDP-DAG synthase, Cds1, controls utilization of 
phosphatidic acid, which is a precursor for both storage lipids triacylglycerols 
and structural phospholipids. By studying the alteration of cellular lipidome in 
cells lacking Cds1 activity, this study should provide further understanding of 
role of Cds1 in cellular lipid metabolism. 
 
1.7.3 Generating and studying cds1 mutants in Schizosaccharomyces 
pombe 
 
Most studies focused on lipid droplet structure and cellular lipid composition 
employ a single model organism or cell type. Here I have utilized two 
distantly related fission yeast species, S. japonicus and S. pombe, to 
demonstrate the conserved role of Cds1 in TAG metabolism. Extending my 
work from S. japonicus to S. pombe allowed me not only to appreciate 
evolutionary conservation of Cds1 function but also to expand my studies, 
since S. pombe is more amenable to long-term cellular imaging, has more 
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mature genetic research tools and a better understood physiology. Taken 
together, my studies could provide guidelines for further research work on this 




This thesis mainly focuses on alterations of the cellular lipid composition and 
LD structure caused by inactivation of the ER-localized CDP-DAG synthase 
Cds1 in fission yeast cells. As mentioned before, Cds1 is an enzyme broadly 
conserved from bacteria to humans, making the fission yeast with its fast cell 
cycle and a range of the genetic tools a suitable model organism for this type 
of research. Cds1 orthologs in plants and animals have been demonstrated to 
play important roles. It was previously reported that in plants and 
cyanobacteria, deficiency in Cds1 function could reduce phospholilpids level, 
resulting in deficient photosynthesis (Haselier et al., 2010; Sato et al., 2000). A 
center role of Cds1 in phototransduction and vascular morphogenesis in 
Drosophila and zebra fish was also discussed (Pan et al., 2012; Wu et al., 
1995). In mouse and human, two homologous genes of cds1, CDS1 and CDS2, 
were found to have distinct expression pattern in different tissues, indicating 
their potential role in metabolisms (Halford et al., 1998; Heacock et al., 1996; 
Inglis-Broadgate et al., 2005; Volta et al., 1999). To figure out the mechanisms 
of Cds1 in regulating cellular lipid composition and affecting LD structure 
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could shed light on its function in the higher eukaryotic organisms. 
 
The next chapter presents the experimental methods employed in this study. 
Briefly, I used cellular imaging and image analysis techniques to observe and 
analyze LD morphology and abundance. Biochemistry methods were applied 
to examine the cellular lipid composition and enzyme activities. Other 
methods such as molecular biology and genetics have been instrumental in 






Chapter 2 Materials and methods 
 




2.1.1.1 S. japonicus strains 
 
S. japonicus strains used in this study and their genotypes are listed in the 
table below. 
 
Table 1. S. japonicus strains used in this study 
 
Strain Genotype Reference 
SOJ6 ura4sj-D3 Lab stock 
SOJ33 tts1-mCherry::ura4+ rlc1-GFP::kan
R







 This study 
SOJ14 tts1-mCherry::ura4+ Lab stock 
SOJ60 tts1-mCherry::ura4+, ade6sj-domE Lab stock 
SOJ82 tts1-mCherry::ura4+, yop1-GFP::ura4+, 
ade6sj-domE 
Lab stock 





,tts1-mCherry::ura4+, rtn1-GFP::ura4+ This study 
SOJ290 cds1
bbl1
,tts1-mCherry::ura4+, yop1-GFP::ura4+ This study 
SOJ368 (SO#20) cds1
bbl1
, ura4sj-D3 This study 
SOJ369 (SO#30) cds1
bbl1
, ura4sj-D3 This study 
SOJ535 pBip1-mCherry-AHDL::ura4+, ade6sj-domE This study 
SOJ489 cds1
bbl1
, pBip1-mCherry-AHDL::ura4+ This study 
SOJ519 cds1
bbl1





-3’UTR-ura4+ This study 
SOJ526 cds1
bbl1






SOJ533 GFP-cds1::ura4+, ade6sj-domE This study 
SOJ532 cds1
bbl1
, GFP-cds1bbl1::ura4+ This study 
SOJ726 SeipinΔ::ura4+, ade6sj-domE This study 
 
2.1.1.2 S. pombe strains 
 
S. japonicus strains used in this study and their genotypes are listed in the 
table below. 
 
Table 2. S. pombe strains used in this study 
 
Strain Genotype Reference 
SO7421 ade5D, ade7::ade5, his5D, leu1-32, ura4D-18 Lab stock 





::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7605 (bbl1-2) cds1
bbl1-2
::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7606 (bbl1-3) cds1
bbl1-3
::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7607 (bbl1-4) cds1
bbl1-4
::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7608 (bbl1-5) cds1
bbl1-5
::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7609 (bbl1-6) cds1
bbl1-6
::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7610 (bbl1-7) cds1
bbl1-7
::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7611 (bbl1-8) cds1
bbl1-8
::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7612 (bbl1-9) cds1
bbl1-9
::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7613 (bbl1-10) cds1
bbl1-10
::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7614 (bbl1-11) cds1
bbl1-11
::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7615 (bbl1-12) cds1
bbl1-12
::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7616 (bbl1-13) cds1
bbl1-13
::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7617 (bbl1-14) cds1
bbl1-14
::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7618 (bbl1-15) cds1
bbl1-15
::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7619 (bbl1-16) cds1
bbl1-16





::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7621 (bbl1-18) cds1
bbl1-18
::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7622 (bbl1-19) cds1
bbl1-19
::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7623 (bbl1-20) cds1
bbl1-20
::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7624 (bbl1-21) cds1
bbl1-21
::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7625 (bbl1-22) cds1
bb1l-22
::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7626 (bbl1-23) cds1
bbl1-23
::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO7627 (bbl1-24) cds1
bbl1-24
::ura4+, leu1-32, ade5D, ade7::ade5 This study 
SO5609 pBip-mCherry-AHDL::leu1+, ura4-D18, ade6 Lab stock 
SO7628 cds1
bbl1-9
::ura4+, pBip-mCherry-AHDL::leu1+ This study 
SO5398 tgl4-linker-GFP::ura4+ , leu1-32, ade6 Lab stock 
SO7630 cds1
bbl1-9
::ura4+, tgl4-linker-GFP::leu1+ This study 
SO6724 dga1-GFP::leu1+, ura4D-18, ade5 This study 
SO7631 cds1
bbl1-9
::ura4+, dga1-GFP::leu1+ This study 
SO7138 lro1-GFP::leu1+, ura4D-18, ade5 This study 
SO7632 cds1
bbl1-9
::ura4+, lro1-GFP::leu1+ This study 
SO7483 dga1∆:leu1+, ura4-D18, ade5 This study 
SO7479 cds1
bbl1-9
::ura4+, dga1∆:leu1+, ura4-D18 This study 
SO7481 lro1∆:leu1+, ura4-D18, ade5 This study 
SO7482 cds1
bbl1-9






SO7915 tam41-his(Dc)::ura4+, leu1-32, ade5D, 
ade7::ade5 
This study 












SOHY020 tam41-1::ura4+ , ade5D, ade7::ade5 This study 
SOHY021 tam41-2::ura4+, ade5D, ade7::ade5 This study 
SOHY022 tam41-3::ura4+, ade5D, ade7::ade5 This study 
SOHY023 tam41-4::ura4+, ade5D, ade7::ade5 This study 
SOHY024 tam41-5::ura4+, ade5D, ade7::ade5 This study 
SOHY025 tam41-6::ura4+, ade5D, ade7::ade5 This study 
SOHY026 tam41-7::ura4+, ade5D, ade7::ade5 This study 
SOHY027 tam41-8::ura4+, ade5D, ade7::ade5 This study 
SOHY028 tam41-9::ura4+, ade5D, ade7::ade5 This study 
SOHY029 tam41-10::ura4+, ade5D, ade7::ade5 This study 
SOHY020 tam41-11::ura4+, ade5D, ade7::ade5 This study 
SOHY031 tam41-12::ura4+, ade5D, ade7::ade5 This study 
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SOHY032 tam41-13::ura4+, ade5D, ade7::ade5 This study 
SOHY033 tam41-14::ura4+, ade5D, ade7::ade5 This study 
SOHY034 tam41-15::ura4+, ade5D, ade7::ade5 This study 
SOHY035 tam41-16::ura4+, ade5D, ade7::ade5 This study 
SOHY036 tam41-17::ura4+, ade5D, ade7::ade5 This study 
SOHY037 tam41-18::ura4+, ade5D, ade7::ade5 This study 
SOHY038 tam41-19::ura4+, ade5D, ade7::ade5 This study 
SOHY039 tam41-20::ura4+, ade5D, ade7::ade5 This study 
SOHY040 tam41-21::ura4+, ade5D, ade7::ade5 This study 
SOHY041 tam41-22::ura4+, ade5D, ade7::ade5 This study 
SOHY042 tam41-23::ura4+, ade5D, ade7::ade5 This study 
SOHY043 tam41-24::ura4+, ade5D, ade7::ade5 This study 
 
2.1.2 Media and growth conditions 
 
Cells were grown in conditions listed below. Media for vegetative growth 
(YES or MM with suitable supplements) and genetic methods were as 
described by Moreno et al. (Moreno et al., 1991). 
 
Table 3. Media and growth conditions used in this study 
 
Figure  Media Culturing temperature 





3.1.2 A YES 36
o
C 
 B YES 36
o
C 
 C YES 36
o
C 
 D YES 36
o
C 
 E YES 36
o
C 
































3.3.1 E YES 36
o
C 
3.3.2 A YES 36
o
C 










 B YES 36
o
C 
 C YES 36
o
C 

























 B YES 36
o
C 
 C YES 36
o
C 
 D YES 36
o
C 










3.5.1 A YES 36
o
C 
 B MM+Thiamine 36
o
C 
 C YES+Cerulenin 36
o
C 
 D YES+Cerulenin 36
o
C 
3.5.2.1 A MM+Thiamine 36
o
C 
 B MM+Thiamine 36
o
C 
 C MM+Thiamine 36
o
C 
3.5.2.2 A MM+Thiamine 24
o
C 
 B MM+Thiamine 36
o
C 
 C MM+Thiamine 24
o
C 
 D MM+Thiamine 36
o
C 
3.6 A YES 36
o
C 
 B YES 36
o
C 
3.7 A YES 24
o
C 
 B YES 36
o
C 











Typically, cells marked as incubated at 36
o
C were first cultured at 30
o
C and 
then shifted to 36
o




2.1.3 Genetic crosses 
 
Genetic crosses of S. japonicus were carried out using two populations of 
yeast cells with complementary mating types that were mixed with water and 
left to fuse, undergo meiosis and form spores for 24 hours at 30°C. For free 
spore analyses, the asci were treated with 0.05% glusulase overnight at 36°C 
and washed with 30% ethanol before plating spores on YES medium plates. 
Successfully grown spores were replica-plated on selection media. 
 
Genetic crosses and sporulation of S. pombe were performed on YPD agar 
plates. Tetrad dissections were performed using an MSM micromanipulator 
(Singer instruments, Somerset, UK). 
 
2.1.4 Enzymes and drugs 
 
Restriction enzymes used were purchased from New England Biolabs. Bodipy 
493/503 from Invitrogen was used at a final concentration of 5μg/mL. 
Zymolyse 20T was obtained from US Biological and used at a final 
concentration of 3mg/mL. Lysing enzyme was from Sigma, used at 5mg/mL. 
Choline and ethanolamine from Sigma were used at final concentration of 1 
mM. Thiamine was used at the final concentration of 5 μg/mL. Cerulenin (10 





2.2 Molecular methods 
 
2.2.1 Recombinant DNA techniques 
 
Recombinant DNA techniques in this study were carried out according to 
Molecular Cloning (Sambrook et al., 1989). 
 
2.2.2 Transformation of S. japonicus 
 
10mL cell solution of OD595=0.3~0.6 was measured using a UV/visible 
spectrometer (Ultrospec 2100 pro Amersham Biosciences). Cells were cooled 
down on ice for 15 min, and washed twice with ice-cold water followed by 
resuspension in 5mL of 1M sorbitol with 250μL of 1M DTT. After incubating 
cells at 30°C for 15 min, they were pelleted down and resuspended with 20μL 
of 1M sorbitol, followed by adding purified DNA (about 500ng) and 0.5μL of 
carrier DNA (sonicated salmon sperm DNA, Sigma). Equal amount as that of 
DNA was added to balance the mixture to an overall concentration of 1M 
sorbitol before it was incubated on ice for 30 min. The chilled mixture was 
then electrporated at 2.3V. Cells were allowed to recover by immediately 
resuspending with fresh 1mL of 1M sorbitol before adding the entire solution 
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to 10mL of fresh YES medium. The solution was incubated overnight at 30°C 
before plating on selective media plates. 
 
2.2.3 Transformation of S. pombe 
 
20mL cell solution of OD595=0.4~0.6 was measured using a UV/visible 
spectrometer. Cells were washed twice with ice-cold water and 1 mL LiAc/TE 
buffer (100 mM LiAc, 10mM Tris-HCl, 1mM EDTA, pH 7.5). After 
re-suspending them in 100 μL LiAc/TE, 2 μL of carrier DNA (sonicated 
salmon sperm DNA, Sigma) and 10 μL DNA fragment or plasmid (1-5μg) 
were added into 100μL cells, followed by being incubated at room 
temperature for 10 min. Then 240 μL of PEG/LiAc/TE (40% w/v PEG 3550 in 
100 mM LiAc, 10 mM Tris-HCl, 1 mM EDTA) were added to the cells. The 
solution were gently mixed and incubate them at 30°C for 60-120 min. 43 μL 
of DMSO were added into cells and mixed by swirling. Cells were heated at 
42°C for 5 min and washed with 1 mL water, followed by being re-suspended 
in 0.1 mL water. The solution was plated on selective media plates. 
 
2.3 S. japonicus and S. pombe Mutagenesis Screens 
 




The S. japonicas Rlc1-GFP Tts1-mCherry expressing strain (“parent”) was 
mutagenized using UV light and grown at 24
o
C on YES medium agar plates 
until the appearance of individual colonies. Colonies were replica-plated on 
YES plates containing phloxine B and grown at the restrictive temperature of 
36
o
C to allow visualization of the temperature-sensitive mutant cells. 
Following several rounds of screening, approximately 900 
temperature-sensitive mutants were isolated and tested for the ER and cell 
division abnormalities at the restrictive temperature. 
 
2.3.2 S. pombe Mutagenesis Screen 
 
The S. pombe cds1 and tam41 mutants were obtained according to the method 
described by Tang (Tang et al., 2011). A C-terminal fragment of the selective 
marker his5+ (his5∆
c
) was inserted adjacent to carboxyl-terminus of the gene 
of interest together with the selection marker for ura4+ through homologous 
recombination. Mutations in the gene of interest were generated by 
mutagenesis-prone PCR, and the fragment was linked to amino-terminus of 
the rest of his5+ (his5
c
) by fusion PCR. The mutated gene versions were 
delivered into the native locus by homologous recombination under the 









2.4 Genome resequencing and analysis 
 
High-quality genomic DNA were isolated from seven strains of S. japonicus 
by published method (Pomraning et al., 2009). Paired-end sequencing libraries 
for the Illumina platform were prepared as suggested by the manufacturer 
according to our modified methods (Pomraning et al., 2009). Each library 
prepared had a specific four-nucleotide barcode. Libraries were pooled into 
four lanes and sequenced as single-end 40-nucleotide (nt) runs at the Oregon 
State University Center for Genome Research and Biocomputing core facility. 
We obtained a total of 22,659,725 total 40-nt reads for SOJ33, of which 
16,078,075 (or 71%) mapped to the reference genome, and 20,101,781 for the 
combination of all mutants, of which 13,857,423 (or 69%) mapped to the 
reference genome. The average sequencing depth in the four genomes 
analyzed was 26 reads per nucleotide (reads/nt). 
 
SOJ33 is the non-mutated parent strain most closely related to the S. japonicus 
strain from which the reference genome was derived (Rhind et al., 2011). By 
methods described elsewhere (Pomraning et al., 2011), we firstly mapped the 
reads obtained from SOJ33 to the reference genome and identified 445 single 
nucleotide polymorphisms (SNPs) in coding regions that were present when 
compared to the relatively low-coverage reference genome. As a cutoff to call 
a high-quality SNP we required 4 reads/nt and a variant frequency of >80%, as 
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~99% of the genomes was covered at 5 reads/nt. We next compared the SOJ33 
SNPs to SO#185, the originally mutated strain, and the two back-crossed 
siblings, SO#20 and SO#30, and enumerated SNPs encountered in these 
genomes. There were 456 SNPs found in all three mutant strains, 445 of which 
had been already found in SOJ33. This left 11 high-quality SNPs as primary 
candidates for the mutation causing the phenotype in the mutant strains. The 
11 SNPs found by mapping were assigned to the underlying S. japonicus 
genes, the complete catalog of which was downloaded from the Broad 
Institute website 
(http://www.broadinstitute.org/annotation/genome/schizosaccharomyces_grou
p/MultiDownloads.html). We found that SJAG_00426.4 was the only mutated 
ORF out of the original list by directly re-sequencing all these ORFs in the 
“parent” and both original #185 and the outcrossed sibling SO#20 and SO#30 
strains. 
2.5 Construction of S. japonicus and S. pombes trains 
 
2.5.1 Design of tagging constructs 
 
The genome assembly for Schizosaccharomyces genus is available at the 
Broad Institute website. All references to protein and genomic sequences of 




The markers were constructed via homologous recombination to integrate 
recombination cassettes. pJK148 and pJK210 were used for S. pombe 
constructs. The modified pJK210 that carries the S. japonicas ura4 cassette 
was used for S. japonicus work. The endogenous tags were integrated in their 
original loci and the exogenous tags were integrated in either ura4 or leu1, for 
pJK210 and pJK148 respectively. 
 
There combination cassettes in case of N-terminally tagged constructs were 
integrated exogenously to ura4 or leu1 loci as an extra copy under the control 
of their own promoters. 
 
2.5.2 Construction of knock out mutants 
 
To generate null mutants of S. japonicus, the PCR-based recombination 
method was adapted, using kanamycin as the selection marker (Bahler et al., 
1998). The purified PCR products were transformed into yeast cells by 
electroporation transformation (section 2.2.2 for electroporation technique). 
 
To generate null mutants of S. pombe strains, the gene coding regions were 
replaced with ura4 or leu1 gene. The long primer pairs containing 5’ and 3’ 
flanking sequences of target genes were used to amplify the ura4 or leu1 gene 
by PCR. The purified PCR products were transformed into uracil auxotrophic 
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strains by LiAc transformation (section 2.2.3 for LiAc transformation method). 
Uracil or leucine autotrophs were further confirmed by PCR analysis. 
 
To down-regulate dga1 expression in S. pombe, the dga1 promoter was 
replaced with thiamine-repressible nmt81 promoter. The nmt81 promoter was 
generated by PCR and fused with flanking sequence of dga1 gene coding 





2.6.1 Yeast total lipid extraction 
 




C, respectively, and the cells 
cultured at 30
o
C were shifted to 36
o
C for 4 hours before being harvested 




For ESI triple quadrupole mass spectrometry, lipids were prepared according 
to protocols described in (Fei et al., 2011). Briefly, the harvested cells were 
washed with ice-cold 1.2M sorbitol in PBS, digested by enzyme mixture (MP 
Zymolyase 20T 3 mg/mL, Sigma lysing enzyme 5 mg/mL), and sonicated. 
The lysates were subjected to methanol-chloroform extraction. The solvent of 
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the chloroform phase was evaporated under nitrogen. 
 
For thin layer chromatography and gas-chromatography mass spectrometry, 
the harvested cells were washed with ice-cold 1.2M sorbitol in PBS, broken by 
glass beads beating. The lysates were subjected to methanol-chloroform 
extraction. The solvent from the chloroform phase was evaporated under 
nitrogen. 
 
2.6.2 Thin layer chromatography 
 
The lipids were extracted as described in section 2.6.1, and dissolved in 200 
μL of methanol/chloroform (2:1), separated on silica TLC plates (EMD) with 
hexane/diethyl/acetic acid (90:9:1). Lipid spots were detected by 0.02% 
primuline in 20% acetone. Bands corresponding to fission yeast TAGs were 
identified by comparing with the triacylglycerol standard. 
 
2.6.3 ESI triple quadrupole mass spectrometry 
 
The lipids were extracted as described in section 2.6.1. The molecular species 
of TAG and phospholipids were analyzed by ESI triple quadrupole mass 
spectrometry (API 4000; Applied Biosystems), as described in (Lee et al., 
2011). Five replicates were analyzed for each genotype/conditions 
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combination. Statistical significance was determined by Student’s t-test 
(p<0.05). Fatty acid composition was determined by gas–liquid 
chromatography on a Supelco 30-meter Omega wax 250 column 
(Sigma-Aldrich, St. Louis, MO, USA) following derivitization of the fatty 
acids to methyl esters in 1.5 M methanolic HCl, followed by addition of water 
and extraction with pentane. 
 
2.6.4 Gas chromatography mass spectrometry 
 
2.6.4.1 Transesterification of lipids 
 
The lipids were extracted as described in section 2.6.1. 100 μL of methanolic 
HCl (Supelco Analytical, Sigma–Aldrich Co., St. Louis, MO) was added to 
each vial containing the dried total lipids and incubated for 1 hr at 60°C with 
occasional vortexing. After the acid-based catalysis, the reactions were cooled 
on ice, followed by the addition of 60 μL of hexane and brief vortexing. The 
hexane layers (which contain the fatty acid methyl esters) were transferred 
into new vials and evaporated under nitrogen. The vials were then kept at 
-20
o
C until GCMS analysis. 
 




Prepared extracts were re-dissolved in 60 μL of hexane spiked with 10µg/mL 
hexacosane (Sigma–Aldrich Co., St. Louis, MO) and transferred into GCMS 
vials (Supelco Analytical). Analysis was performed in a GCMS QP2010 
system (Shimadzu) equipped with a 5% phenyl-methylpolysiloxane (DB-5, 30 
m length, 0.32 i.d., 0.25-μm film thickness, Agilent) column. The parameters 
were set at an initial column temperature of 50°C and increase to 210°C at a 
rate of 35°C/min, followed by an increment of 3°C/min to 300°C in split 
mode. 
 
2.6.4.3 Obtaining absolute quantities of fatty acids 
 
Peaks corresponding to fatty acid methyl esters were identified based on 
retention times and electron ionization spectra of known standards. The 
absolute quantities of individual fatty acid methyl ester were obtained by 
normalizing the area under the corresponding signals by the area of an internal 
standard (hexacosane), and then each ratio was multiplied by a response factor. 
The response factor corrects for different ionization properties of the 
individual fatty acid methyl ester species. To determine response factors, a 
standard curve was established for each fatty acid methyl ester at 3 
concentrations (20 ng/μL, 100 ng/μL, and 500 ng/μL). The slope of the curve 
was used to calculate the ratio of the fatty acid methyl ester signal to the 
hexacosane signal for the same quantity in the samples. 
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2.6.5 Cds1 Enzyme activity assay 
 
2.6.5.1 Enzyme preparation 
 
Cds1 activity assays were based on previous protocols (Carman and Kelley, 





C, respectively, and the cells cultured at 30
o
C were shifted to 36
o
C for 
4 hours before harvested together with the cells cultured at 24
o
C. The 
harvested cells were washed with ice-cold 1.2M sorbitol in PBS, digested by 
enzyme mixture (MP Zymolyase 20T 3 mg/mL, Sigma lysing enzyme 5 
mg/mL) with Roche complete protease inhibitor tablet and 1mM PMSF, and 
sonicated. Lysates were centrifuged at 2,000g at 4
o
C for 1 min. Protein 
concentration in supernatant was determined using Bradford method. 
 
2.6.5.2 Enzyme time course assay 
 
The concentrations of S. japonicus total protein were 18.4, 19.5, 17.8 mg/mL 
(WT) and 16.5, 18.8, 20.6 mg/mL (bbl), of pombe total protein were 36.4, 28.7, 
26.8 mg/mL (WT) and 24.6, 30.2, 26.4 mg/mL (cds1-9). 400 ug of japonicus 
and 600 ug of pombe total protein were respectively mixed with 1.6 mM PA, 
10 mM magnesium chloride, 0.2% TritonX-100 in 0.1 M potassium phosphate 





C for 5, 10, 15, 25, and 60 min, respectively, and were terminated 
by the addition of 1M sodium chloride in 200 μL HCl (pH2) with 400 μL 
chloroform/methanol (1:1). The phases were separated by a centrifugation at 
9000g at 4
o
C for 5 min. A 150-μL sample of the chloroform phase was 
deposited onto a piece of filter paper. Samples were dried at room temperature 
and their radioactivity determined by liquid scintillation spectrometry. 
 
By dividing total DPM (decay per minute) from [α-32P]-CTP with measured 
DPM from CDP-DAG and 0.75 (150 μL/200 μL), the amount of incorporated 
CTP was calculated. As the ratio of CTP to CDP-DAG is 1:1 in this reaction, 
the amount of CDP-DAG produced equaled the amount of CTP incorporated. 
 
2.6.5.3 Vmax and KmPA measurement 
 
The concentrations of japonicus total protein were 19.5, 23.7, 17.5 mg/mL 
(WT) and 20.1, 12.4, 18.8 mg/mL (bbl), of pombe total protein were 25.4, 23.1, 
29.6 mg/mL (WT) and 24.1, 32.5, 30.5 mg/mL (cds1-9). 400 ug of japonicus 
and 500ug of pombe total protein were respectively mixed with 800 Ci/mmol 
[α-32P]-CTP/100 mM cold CTP, 10 mM magnesium chloride, 0.2% 
TritonX-100 in 0.1 M potassium phosphate (pH7.0) with 1.6mM, 2.4mM and 
4.8mM PA (3 points for japonicus), or 0.8mM, 1.6mM, 2.4mM and 4.8mM PA 
(4 points for pombe) respectively. The reactions took place at 30
o
C for 15 min, 
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and were terminated by the addition of 1M sodium chloride in 200 μL HCl 
(pH2) with 400 μL chloroform/methanol (1:1). The phases were separated by a 
centrifugation at 9000g at 4
o
C for 5 min. A 150-μL sample of the chloroform 
phase was deposited onto a piece of filter paper. Samples were dried at room 
temperature and their radioactivity determined by liquid scintillation 
spectrometry. 
 
By dividing total DPM (decay per minute) from [α-32P]-CTP with measured 
DPM from CDP-DAG and 0.75 (150μL/200μL), the amount of incorporated 
CTP was calculated. 
 
V0 was determined by dividing amount of incorporated CTP with reaction 
time (15min). A plot was drawn, of which X-axis was [PA]
-1
 and Y-axis was 
V0
-1




-1•[PA]-1+Vm-1.KmPA equaled the slope of this 
trend line divided by the ordinate of it, and Vmax equaled reciprocal of the 





2.7 Cell biology and microscopy 
 
2.7.1 Fluorescent microscopy 
 
Fluorescence microscopy images were acquired using a Nikon TiE system 
(CFI Plan Apochromat VC 100XH 1.4 N.A. objective) equipped with 
Yokogawa CSU-X1-A1 spinning disk unit, a Photometrics Cool SNAP HQ2 
camera and a DPSS 491 nm 100 mW and DPSS 561 nm 50 mW laser 
illumination unit under the control of MetaMorph Premier Ver. 7.7.5 





C, respectively. Cells cultured at 30
o
C were shifted to 36
o
C for 4 
hours before harvest together with the cells cultured at 24
o
C, and were 




C. Cells were maintained on freshly 
sealed 2% agarose YES medium pads. 
 
2.7.2 Transmission electron microscopy 
 
I used a previously described protocol (Bauer et al., 2001) with some 
modifications. Cells were washed in PBS at 4
o
C, fixed in 2% glutaraldehyde 
in 0.1 M sodium cacodylate buffer (pH 7.2) with 1 mM calcium chloride for 
30 min at 4
o
C. Following rinsing in 0.1 M sodium cacodylate buffer, cell walls 
were digested by 0.15 mg/mL Zymolyase in 50 mM Tris-HCl (pH 7.5) with 5 
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mM magnesium chloride, 1.4 M sorbitol and 0.5% (v/v) β-mercaptoethanol 
for 10 min. For a second fixation, cells were fixed in 0.5% osmium tetroxide 
and 0.8% potassium ferrocyanide in distilled water, two times for 5 min at 4
o
C, 
and washed in 0.1 M sodium cacoyldate buffer. Cells were mixed with a 2.5% 
solution of agarose (Type VII) at 37
o
C. The solidified pellet were cut and 
washed in distilled water. Specimens were en bloc stained with 1% uranyl 
acetate for 90 min, dehydrated and embed in Epon. Hardened blocks were 
sectioned using a ultra microtome (Leica ultra cut UCT), 80nm (on average) 
ultrathin sections were collected on copper grids (300mesh) and stained using 
lead citrate. Grids were imaged using Jeol JEM-1230 transmission electron 
microscope at 120 kV, and digital images were taken using a Gatan SC200 
CCD camera (2k x 2k, bottom mount) and Digital Micrograph 2.10.1282.0 
(Gatan). 
 
2.7.3 Time-lapse fluorescence microscopy 
 
Time-lapse fluorescence microscopy images were acquired using a Zeiss 
Axiovert 200M microscope (Plan Apochromat 100X, 1.4NA objective) 
equipped with an UltraView RS-3 spinning disk confocal system (PerkinElmer 
Inc., Boston, MA, USA) including a CSU21 confocal optical scanner, 12-bit 
digital cooled Hamamatsu Orca-ER camera (OPELCO, Sterling, VA, USA) 
and a krypton-argon triple line laser illumination source (DPSS 491 nm 
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100mW and DPSS 561 nm 50 mW), under the control of MetaMorph Premier 
Ver. 7.7.5 (Universal Imaging, Sunnyvale, CA, USA). Cells were cultured 
overnight at 30
o
C and were kept at 36
o
C during imaging. Cells were 
maintained in Onix Microfluidic Perfusion System (Cellasic). 
 
2.8 Image analysis 
 
2.8.1 Quantification of LD and yeast cell size 
 
For quantification of LDs, fission yeast cells were stained by Bodipy 493/503 
and subsequently imaged. Quantifications were performed with ImageJ 
(Schneider et al., 2012), with only interphase cells counted (n=50 cells). In 
order to quantify volume of S. japonicus cells, the width (W) and height (H) of 
each cell were measured in ImageJ. The cell volume was calculated as VC 
(volume) = 3/4 * π * (1/2 * W)3 +  π * (1/2 * W)2* (H-W). To quantify 
volume of LDs, the diameter (D) of each LD was measured in ImageJ. The LD 




2.8.2 Cds1-GFP intensity profiling 
 
Cds1-GFP intensity profiles were created from average-intensity projections 
of fluorescence confocal z-stacks (9 sections, 0.5 μm spacing). Only 
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interphase cells were counted (n=20 cells). Individual cells were outlined 
manually and the mean intensity of the selected area was measured by 
“Measure” ImageJ built-in module. The mean intensity of a randomly selected 





Chapter 3 Results 
 
3.1 Isolation and identification of the S. japonicus mutant exhibiting 
abnormal lipid droplets 
 
3.1.1 Identification of the conditional mutant strain of S. japonicus 
exhibiting large bubble-like structures upon shift to the restrictive 
temperature  
 
The fission yeast S. japonicus is a recently developed experimental platform 
for cell biology research. It differs from a related species S. pombe in several 
important aspects of cellular physiology, including mitotic nuclear envelope 
(NE) remodeling, although both species are similar in most aspects of genome 
structure and overall cell morphology (Aoki et al., 2011; Gu et al., 2012; Niki, 
2014; Yam et al., 2013; Yam et al., 2011). We conducted a forward genetic 
screen, aiming to obtain a pilot collection of mutagenized S. japonicus strains 
that conditionally exhibit phenotypes related to NE/ER structure and mitotic 
progression. To facilitate screening, we constructed a heterothallic S. 
japonicus strain that was “wild type” except for a uracil biosynthesis 
auxotrophic marker and modified it to express the ER marker Tts1-mCherry 
and the actomyosin division ring marker Rlc1-GFP under the control of their 
native regulatory elements. The resulting “parent: strain was mutagenized 
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using the UV light and plated at 24
o
C on the rich yeast-extract containing 
medium (YES). Following growth of individual colonies, entire plates were 
replica-plated on YES containing the red dyephloxine B that stains non-viable 





By using fluorescence microscopy, we found that one of the mutants, #185, 
exhibited unusually large spherical ER structures after incubation at the 




C, the strain looked “wild type”, 
however, at 36
o
C, Tts1-mCherry localized to large bubble-like structures, 
prompting us to name this mutantbubble1 (bbl1) (Figure 3.1.1). To establish if 
this phenotype was caused by mutation at a single genomic locus, the #185 
bbl1 strain was backcrossed to the wild type strain for three times. After 
scoring segregation of phenotypes in the progeny, we verified that the bbl1 
phenotype was indeed due to a mutation at a single genomic locus. 
 
Interestingly, although bbl1 colonies exhibited an increase in phloxine B 
staining upon shift to the restrictive temperature, suggestive of some degree of 
cell death, most mutant cells were able to divide normally in the liquid rich YE 
medium. In fact, bbl1 mutant cells exhibited similar growth rates as the wild 
type at both 24
o
C (2.1 vs 2 hours for the wild type and bbl1 cells, respectively) 
and 36
o
C (2.2 vs 2.1 hours for the wild type and bbl1 cells, respectively). 
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Figure 3.1.1  
 
The bubble-like structures in mutant cells identified in a random 
mutagenesis screen of S. japonicus 
 
The S. japonicus bbl1 mutant cells expressing Tts1-mCherry appear “wild 
type” at 24oC, but exhibit large bubble like circular ER structures at the 
restrictive temperature (36
o
C). Scale bar, 5 µm. 
 










3.1.2 Giant lipid droplets are surrounded by the ER in bbl1 mutant cells 
 
Subsequently we noticed that the bubble-like structures in the mutant strain 
could be observed by phase contrast microscopy, indicating that they were 
highly refractile (Figure 3.1.2 A). The lipid droplet– a neutral lipid storage 
organelle – is known to be the only organelle in yeast cells capable of 
considerable light refraction. In line with this, these refractile bodies were 
readily stained with the neutral lipid dye, Bodipy 493/503, indicating that they 
were in fact lipid droplets (Figure 3.1.2 B). 
 
Lipid droplets are usually found close to the ER membranes but are not 
surrounded by them (Ostermeyer et al., 2001; Ozeki et al., 2005). The 
transmembrane protein Tts1 used in our initial screening localizes 
predominantly to the tubular ER (Zhang and Oliferenko, 2014), so we sought 
to determine general ER distribution in bbl1 mutant cells. We constructed and 
introduced an artificial ER luminal marker, mCherry-ADEL, into wild type 
and bbl1 cells, and found that the large lipid droplets were virtually 
surrounded by the ER membranes (Figure 3.1.2 B). 
 
It is unusual for a lipid droplet to be enclosed by the ER; normally LDs lie in 
the cytoplasm and are bounded by a single phospholipid monolayer (Mori et 
al., 2001; Tauchi-Sato et al., 2002). We wondered if such close LD-ER 
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association observed in bbl1 mutant cells was rather generally related to larger 
LD size. Seipin was previously shown to participate in LD size maintenance in 
budding yeast (Fei et al., 2008), so we knocked out seipin ortholog in S. 
japonicus and investigated the relationship between the ER membranes and 
large lipid droplets in this mutant. Utilizing transmission electron microscopy, 
we found that while abnormally large LDs in bbl1 cells were surrounded by 
the ER membranes, the LDs in wild type and seipin cells did not exhibit such 
tight association with the ER. 
 
We further confirmed that other ER resident proteins, Rtn1 and Yop1, 














Figure 3.1.2 Giant lipid droplets are surrounded by the ER in bbl1 mutant 
cells 
 
(A) The bubble-like structures in bbl1 S. japonicus mutant can be visualized 
under phase-contrast. Scale bar, 5 µm. (B) Bodipy 493/503-stained neutral 
lipid deposits (green) are surrounded by the ER (mCherry-ADEL, red). Also 
shown is a corresponding phase-contrast image. Scale bar, 5 µm. (C)The ER 
membrane is found in close association with large LDs in bbl1 mutant cells, 
but not in wild type and seipin cells, as shown in this TEM image. Scale bar, 
100 nm (overview) and 50 nm (magnification). (D-E) The ER resident 
proteins are localized closed to the giant LDs in bbl1mutant cells. (D) 



















3.2 The bbl1 mutant cells exhibit high triacylglycerol content 
 
3.2.1 The number of LDs changes dramatically in bbl1 mutant cells 
 
At the restrictive temperature of 36
o
C, the size of LDs increased considerably 
in bbl1 mutant cells compared to that in wild type cells (Figure 3.2.1 A). We 
noticed that there appeared fewer LDs in bbl1 mutant, so we quantified LD 
number in the two strains at both permissive and restrictive temperatures. 
Cells were stained with Bodipy 493/503 and we acquired full cell z-stack 
sequences with the step size of 0.2 µm. The number of LDs in each stack was 
carefully counted. We concluded that at the permissive temperature (24
o
C), the 
number of LDs in bbl1 cells slightly increases with LD size remaining similar 
to that of wild type cells. However, at the restrictive temperature (36
o
C), the 
number of LDs drops dramatically concomitantly with an increase in the size 










Figure 3.2.1 The number of LDs changes in bbl1 mutant cells 
 
(A) LDs in bbl1 mutant cells are considerably larger than that in the wild type 
at the restrictive temperature of 36
o
C. Cells are stained by Bodipy 493/503. 
Scale bar, 5µm. (B) The number of LDs in the wild type (WT) and bbl1 
mutant cells compared to the unit cellular volume at the permissive (24
o
C) and 
the restrictive temperatures (36
o







3.2.2 Triacylglycerol content increases dramatically in bbl1 mutant cells 
 
We wondered if the cellular amount of storage neutral lipids was altered in 
bbl1 mutant cells. We extracted total lipids from the same number of wild type 




C and performed thin layer 
chromatography analysis (TLC) to examine cellular triacylglycerol (TAG) 
content. We found that at both permissive and restrictive temperatures, the 
total TAG content in bbl1 cells increased dramatically as compared to the wild 
type control (Figure 3.2.2 A). We also employed ESI triple quadrupole mass 
spectrometry to analyze amount and composition of cellular TAGs. Broadly, 
the mass spectrometry data corresponded to that of TLC. We found that 
virtually every TAG species was upregulated in bbl1 mutant cells (Figure 3.2.2 
B-C). 
 
TAG is one of the two major components of LDs, with sterol esters (StE) also 
being packaged into the neutral lipid core (Mori et al., 2001). Using ESI triple 
quadrupole mass spectrometry, we also measured the amount of StEs. We 
found that StE levels in bbl1 mutant cells were comparable to the wild type 






Figure 3.2.2 Triacylglycerol content increases dramatically in bbl1 mutant 
cells 
 
(A) Thin layer chromatography shows that bbl1 mutant cells contain higher 
amounts of triacylglycerols as compared to the wild type (WT), at both 
permissive (24
o
C) and restrictive temperatures (36
o
C). (B) The results of 
mass-spectrometry analysis of the triacylglycerol content in the wild type (WT, 
in blue) and bbl1 (red) mutant cells are consistent with TLC data.(C) Every 
component of TAG is significantly increased in bbl1 mutant cells (red) as 
compared to the wild type (blue). (D) Cellular content of sterol esters is 
























3.3 Loss-of-function mutation in CDP-DAG synthase triggers abnormal 
LD biogenesis in the bbl1 mutant cells 
 
3.3.1 Identification the single mutagenesis locus in bbl1 mutant strain 
 
We sought to identify the mutation underlying the bbl1 phenotype using a 
whole-genome resequencing approach. In this stage we collaborated with 
Michael Freitag lab in the Department of Biochemistry and Biophysics of 
Oregon State University. 
 
Using this approach we identified 11 candidate genes exhibiting single 
nucleotide polymorphisms (SNPs) in the bbl1 mutant strain (Figure 3.3.1 A). 
Among them, SJAG_00426 is highly conserved in evolution, from E. coli to H. 
sapiens and encodes a protein functionally related to lipid metabolism (Figure 
3.3.1 D). Two adjacent CC nucleotides in the SJAG_00426.4 open reading 
frame (ORF) were found mutated to TT which resulted in substitution of the 
evolutionarily conserved proline363 residue to serine (P363S; Figure3.3.1 
B-D).SJAG_00426.4 encodes a lipid biosynthesis enzyme from the CDP-DAG 
synthase family highly conserved across all domains of life (Figure 3.3.1 C 
and D). The budding yeast Saccharomyces cerevisiae ortholog of 




To confirm that the SNP located in SJAG_00426.2/cds1 was responsible for 
the bbl1 phenotype, we attempted complementation of bbl1 by replacing the 
mutant cds1 with its wild type allele. The resulting bbl1::cds1
+ 
strain was 
phenotypically wild type with respect to LD formation at all temperatures 
tested (Figure 3.3.1 E upper panel). Furthermore, we used a targeted 
mutagenesis procedure to introduce the bbl1-specific C1226T and C1227T 
mutations into the wild type Cds1 ORF thus causing the P363S amino acid 
substitution. The resulting wt::cds1
bbl1 
strain indeed exhibited abnormal LDs at 
36
o
C, similar to the original bbl1 mutation (Figure 3.3.1 E lower panel). We 
concluded that the P363S mutation in cds1 was responsible for accumulation 














Figure 3.3.1 Identification of the mutated locus in bbl1 mutant cells 
 
(A) 11 possible point mutations were identified in the bbl1 mutant strain. (B) 
Cds1 is an evolutionary conserved protein. The P363S mutation identified in S. 
japonicus bbl1 cells is highlighted in red. (C)The bbl1 cells contain two 
adjacent CC->TT mutations in the CDP-DAG synthase (phosphatidate 
cytidylyltransferase) Cds1, resulting in a single amino acid change Pro363Ser. 
(D) Cds1 is conserved in evolution, from prokaryotes to eukaryotes. (E) bbl1 
phenotype is rescued by reintroduction of the wild type (WT) cds1 copy to the 
native chromosomal locus, while replacement of the WT version with 


















3.3.2 Characterization of the mutant protein Cds1P363S 
 
To evaluate if bbl1 was a recessive mutation, we introduced the wild type cds1 
gene as an extra copy to bbl1 mutant cells. We found that the wild type version 
fully rescued the large LD phenotype of bbl1 cells (Figure 3.3.2 A, upper 
panel). In line with this, an additional copy of the mutated cds1
bbl
 gene in an 
otherwise wild type genetic background did not induce abnormal LDs (Figure 
3.3.2 A, lower panel). We concluded that the cds1
bbl




mutation did not lead to aberrant protein localization or changes 
in its overall abundance (Figure 3.3.2 B and Figure 3.3.3 D). Both wild type 
and mutant Cds1 proteins tagged with GFP and expressed from the native 







-GFP cells grown at 36
o
C the mutant protein was also found at the ER 












 mutation confers a recessive phenotype 
 
(A) Second-copy introduction of the wild type (WT) cds1 gene in bbl1 mutant 
cells rescues bbl1 phenotype, while a second copy of cds1
bbl1
 mutant in WT 
cells does not induce it. (B) Both wild type and mutant Cds1 proteins tagged 

















mutant proteinis deficient in CDP-DAG synthesis 
 
CDP-DAG synthase is responsible for a rate-limiting step in the production of 
phospholipids. It catalyzes condensation of PA and CTP, releasing the 
CDP-diacylglycerol and pyrophosphate products (Figure 3.3.3 B, upper panel). 
As expression levels of mutant Cds1
P363S
 is similar to that of the wild type 
Cds1 according to a fluorescence intensity profiling (Figure 3.3.3 A), we set 
out to establish if the enzyme activity of Cds1 was affected in bbl1 mutant 
cells. 
 
Cell lysates containing total cellular proteins were extracted from wild type 
and bbl1 cells cultured at the restrictive temperature of 36
o
C. Same amount of 
total cellular proteins were used to measure phosphatidate cytidylyltransferase 
activity at 36
o
C (determined as transfer of radioactively labeled CDP to 
phosphatidic acid). By stopping reactions at different time points, we obtained 
a time course curve that showed that bbl1 mutant cells exhibited significantly 
lower enzymatic activity (Figure 3.3.3 B lower panel). A maximum reaction 
rate at 36
o
C was measured by adjusting PA concentration while keeping CTP 
concentration fixed. We found that VmaxCds1
bbl
 was ~20.7% wild type protein 
(Figure 3.3.3 C). 
 
The affinity of Cds1
bbl
 and the wild type protein to PA at 36
o
C was measured 
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according to Michaelis-Menten kinetics formula. KmPA of Cds1
bbl
 and the 
wild type were broadly similar (Figure 3.3.3 C). 
 
Thus, we concluded that it is the decrease in Cds1 catalytic activity rather than 
the mutant protein expression levels or its affinity to PA that was responsible 






 mutant protein is catalytically defective 
 
(A) Relative fluorescence signal to show a similar expression level of Cds1 
enzyme in wild type and bbl1 mutant cells. (B) The reaction that Cds1 
catalyzes, and time course showing enzyme activity of bbl1 and wild type 
Cds1. Reactions took place at 36
o
C. (C) Lineweaver-Burk plot of bbl1 and 
wild type Cds1 on PA. Reactions took place at 36
o
C, reaction time for 














3.3.4 PA does not change but DAG accumulates in bbl1 mutant cells 
 
It was previously shown that the loss of the Cds1 function in budding yeast 
triggered an approximately two-fold increase in the cellular amount of its 
substrate PA (Fei et al., 2011). We measured the PA content in wild type and 




C by ESI triple quadrupole mass 
spectrometry. Interestingly, we did not observe a noticeable increase in 
cellular PA levels in S. japonicus cells deficient in Cds1 function (Figure 3.3.4 
A). However, we detected a pronounced increase in the levels of 
diacylglycerols (DAG) in these cells, likely due to rapid dephosphorylation of 
available PA (Figure 3.3.4 B-C). 
 
Together with the data from sections 3.3.1-3.3.3, these results suggest that the 
P363S mutation in the Cds1enzyme leads to a loss of its CDP-DAG synthase 
catalyticactivity and, as a result, potential utilization of a bulk of cellular PA in 









Figure 3.3.4 PA content remains constant but DAG accumulates in bbl1 
mutant cells 
 
(A) Graph representing results of mass spectrometry of total PA content in the 
wild type (WT, in blue) and bbl1 (red) mutant cells. (B) Graph representing 
results of mass spectrometry of total DAG content in the wild type (WT, in 
blue) and bbl1 (red) mutant cells. (C) Every component of DAG is 































3.4 Genetic modification of the Cds1 ortholog in Schizosaccharomyces 
pombe yields a battery of mutants exhibiting abnormal lipid droplets 
 
3.4.1 Mutagenesis screen for cds1 mutants in S. pombe 
 
As mentioned in section 1.6, S. pombe physiology is better characterized and 
working with this organism offers a more mature set of experimental 
techniques as compared to S. japonicus. Moreover, S. japonicus cells are 
considerably more photosensitive than S. pombe, which makes it quite difficult 
for long-term live cell imaging approaches required to probe formation of 
abnormal LDs (Okamoto et al., 2013). With these reasons in mind and also to 
establish if the phenotypes caused by Cds1 deficiency were similar in other 
organisms, we decided to identify cds1 mutants in S. pombe. To this end, I 
randomly mutagenized the C-terminus of the S. pombe Cds1 ortholog using an 
established “marker reconstitution” technique (Tang et al., 2011). 
 
In the screen, we were looking for mutants exhibiting abnormal LD 
morphology and accumulation of neutral lipids. We readily identified a series 
of S. pombe bbl1-like mutants, both conditional (temperature-sensitive) and 
constitutive, containing large refractile bodies (Figure 3.4.1 A). Figure 3.4.1 B 




Figure 3.4.1 Random mutagenesis of cds1 in S. pombe 
 
(A) Mutations of the cds1 ortholog in S. pombe cause appearance of large lipid 
droplets. Shown are the phase-contrast images. Scale bar, 5 µm. (B) Table 






























3.4.2 cds1-9 S. pombe mutant cells exhibit large lipid droplets and a 
pronounced decrease in CDP-DAG synthase catalytic activity 
 
Among the cds1 mutant S. pombe strains shown in section 3.4.1, the cds1-9 
allele was chosen for further characterization for the following reasons. First, 
cds1-9 has a single amino acid substitution, changing cysteine at position 287 
to arginine (C287R). Second, it exhibited a tight conditional phenotype with 
respect to abnormal LD formation (Figure 3.4.1 B). The refractile bodies in 
these cells were readily stained with Bodipy 493/503, indicating they were 
abnormally large lipid droplets (Figure 3.4.2 A). Similar to the cds1
bbl1
 mutant 
in S. japonicus, the giant LDs in cds1-9 S. pombe cells were tightly associated 
with the ER upon shift to the restrictive temperature of 36
o
C (Figure 3.4.2 B). 
 
I then measured CDP-DAG synthase activity in wild type and cds1-9 mutant S. 
pombe cells. The assay and quantification were performed as described in 
section 3.3.3. The results showed that cds1-9 mutant cells retained very little 
CDP-DAG synthase activity (Figure 3.4.2 C lower panel). Cds1
1-9 
mutant 
protein was catalytically deficient, similarly to our original mutant in S. 
japonicus: its Vmax was ~20.3% wild type protein, while the apparent Km to 
PA (KmPA) was similar to the wild type (Figure 3.4.2 D). 
 
I concluded that the functional outcome of mutating cds1 in S. pombe was 
similar to that in S. japonicus.  
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Figure 3.4.2 cds1-9 S. pombe mutant cells exhibit large lipid droplets and a 
pronounced decrease in CDP-DAG synthase catalytic activity 
 
(A) S. pombe cds1-9 mutant cells exhibit large Bodipy 493/503- stained lipid 
droplets (green) at the restrictive temperature of 36
o
C. Scale bar, 5 µm. (B) 
The Bodipy 493/503-stained neutral lipid deposits (green) in S. pombe cds1-9 
mutant cells are closely associated with ER membranes marked by the 
artificial luminal marker mCherry-ADEL (red). (C) The reaction that Cds1 
catalyzes (upper panel), and time course showing enzyme activity of cds1-9 
and wild type Cds1 (lower panel). Reactions took place at 36
o
C. (D) 
Lineweaver-Burk plot of cds1-9 and wild type Cds1 on PA. Reactions took 
place at 36
o











3.4.3 cds1-9 S. pombe mutant cells rely on the Kennedy pathway to 
generate phospholipids for growth 
 
Similarly to bbl1 S. japonicus mutant cells, S. pombe cells carrying the cds1-9 
allele grew normally in the rich YES medium at both 24
o
C (3.5 vs 3.1 hours 
for the wild type and cds1-9 cells, respectively) and 36
o
C (2.5 vs 2.7 hours for 
the wild type and cds1-9 cells, respectively). However, we noticed that they 
showed a vastly decreased growth rate in the chemically defined minimal 
medium (MM) in a temperature-sensitive manner (Figure 3.4.3 A).  
 
Choline and ethanolamine are precursors required for phospholipid 
biosynthesis through the Kennedy pathway (reviewed in (Carman and Han, 
2009b)). Supplementing the MM with either choline or ethanolamine restored 
the doubling time of cds1-9 cultures at 36
o
C to almost wild-type levels (Figure 
3.4.3 A). Interestingly, supplementation with choline also alleviated abnormal 
accumulation of TAG in the absence of Cds1 activity (Figure 3.4.3 B), 
suggesting that it permitted re-routing of the bulk lipid synthesis away from 
the storage pathway. 
 
Triacylglycerols are typically rich in saturated fatty acids (FAs). Indeed, gas 
chromatography analysis of total cellular FA content showed that cds1-9 cells 





C. Choline supplementation brought absolute quantities of 
stearic acid in cds1-9 cells close to the wild type values, and also decreased 
the abundance of other major FAs (Table 4).  
 
Taken together, these results suggested that the CDP-DAG-dependent 
phospholipid production route was inhibited in the cds1-9 background and that 
these mutant cells relied on the Kennedy pathway to generate phospholipids 




Figure 3.4.3 Cells rely on the Kennedy pathway to generate phospholipids 
in the absence of CDP-DAG synthase activity 
 
(A) Graphs illustrating patterns of doubling time of the wild type (WT, in blue) 
and cds1-9 (red) mutant cells in minimal media with indicated supplements. 
Cho, choline; Etn, ethanolamine. (B) Thin layer chromatography shows TAG 
content in cds1-9 mutant cells decreases at the restrictive temperature of 36oC, 


















3.5 The abnormally large LDs in cds1-9 mutant cells can be metabolized 
 
3.5.1 Unusual ER-enclosed LDs incds1-9 mutant cells are functional 
 
As described in sections 3.1.2 and 3.4.2, the giant LDs in both bbl1 S. 
japonicus mutant cells and cds1-9 S. pombe mutant cells were closely 
associated with the ER membranes. This ER-LD association in mutant S. 
pombe cells did not depend on conditions of growth. Similarly to S. japonicus 
mutant, cds1-9 S. pombe cells grown in the rich yeast extract-based medium 
exhibited a dramatically increased average droplet volume and a pronounced 
decrease in droplet number (Figure 3.5.1 A; number of LDs per cell at 36
o
C 
was 234 and 62 for the wild type and cds1-9 mutant, respectively). 
Interestingly, we observed higher LD numbers when cells were grown in the 
chemically defined minimal medium (MM), although there were still less LDs 
in cds1-9 mutant cells as compared to the wild type (number of LDs per cell at 
36
o
C was 345 and 297 for the wild type and cds1-9 mutant, respectively).  
 
Under either growth condition, the major TAG lipase Tgl4 (Kurat et al., 2009) 
was enriched at the periphery of these structures, suggesting that despite their 
tight association with the ER, these were bona fide LDs (Figure 3.5.1 B). 
 
We wondered whether TAGs accumulated in the giant LDs could be utilized to 
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generate fatty acids and DAG to support membrane biosynthesis and cell 
viability. Wild type and cds1-9 mutant cells were treated with the fatty acid 
synthase inhibitor, cerulenin, and monitored using fluorescence microscopy. 
The cerulenin-treated wild type cells exhibited progressive reduction in the LD 
number and Tgl4-GFP intensity, and ceased growth after one or two rounds of 
division, presumably after the available reservoir of fatty acids had been 
exhausted (Figure 3.5.1 C; n=4 cells). On the other hand, cds1-9 cells 
continued dividing for considerably longer periods of time (Figure 3.5.1 D; 
n=8 cells). The Tgl4-GFP-marked abnormal large LDs in mutant cells shrank 
progressively and eventually disappeared (Figure 3.5.1 D). Thus, it appeared 
that the TAG stores in cds1-9 cells can be utilized and promote survival of 













Figure 3.5.1 Unusual ER-bounded LDs in cds1-9 mutant cells can be 
metabolized 
 
(A) Histogram demonstrating LD size distribution in the wild type (WT, in 
blue) and cds1-9 (red) mutant cells. n=309 cells for the wild type and 302 cells 
for cds1-9. (B) The GFP-tagged TAG lipase Tgl4 is enriched at the periphery 
of large LDs in S. pombe cds1-9 mutant cells. Scale bar, 5 µm. (C-D) A 
time-lapse sequence showing that the Tgl4-GFP-marked lipid droplets are 
metabolized in both wild type (WT) and cds1-9 mutant cells grown in the 
presence of the fatty acid synthesis inhibitor cerulenin. Time is in hours and 
























3.5.2 TAG synthases function at the sites of persistent TAG production in 
Cds1-deficientcells 
 
3.5.2.1 Major TAG synthases are enriched at the ER membranes 
enclosing large LDs in Cds1-deficient S. pombe cells 
 
Dga1 and Lro1 are two major TAG synthases in yeast (Athenstaedt, 2011). 
Deletion of either synthases caused decrease of cellular TAG levels in 
exponentially growing S. pombe cells, suggesting that both enzymes 
contributed to TAG synthesis in this organism (Figure 3.5.2.1 A). 
 
These enzymes exhibited distinct patterns of subcellular localization in both 
wild type and cds1-9 mutant cells. Dga1 is the DAG acyltransferase that 
utilizes acyl-CoA as an acyl donor (Oelkers et al., 2002). In wild type cells, the 
GFP-tagged Dga1 localized specifically to LDs (Figure 3.5.2.1 B). In cds1-9 
cells grown at the restrictive temperature of 36
o
C, Dga1-GFP was enriched at 
the periphery of giant LDs (Figure 3.5.2.1 B). On the other hand, Lro1 is an 
acyl-CoA independent diacylglycerol acyltransferase that used PE or PC as an 
acyl donor (Oelkers et al., 2000). The GFP-tagged Lro1 exhibited less defined 
intracellular localization with some enrichment at the peripheral ER in wild 
type S. pombe cells (Figure 3.5.2.1 C). Interestingly, we observed enhanced 
84 
 
Lro1-GFP signal at the ER membranes surrounding the abnormal LDs and 
around the NE in cds1-9 cells (Figure 3.5.2.1 C). 
 
Therefore, the core machinery for TAG biosynthesis appears to be 





Figure 3.5.2.1 Major TAG synthases are enriched at the ER membranes 
surrounding large LDs in Cds1-deficient cells 
 
(A) Thin layer chromatography shows that deletion of either dga1 or lro1 
reduces cellular TAG content in wild type S. pombe cells. (B) Dga1-GFP 
localizes to the periphery of LDs in cds1-9 cells at the restrictive temperature 
of 36
o
C. (C) Lro1-GFP localizes to the ER, including the ER membranes 















3.5.2.2 Distinct roles of Dga1 and Lro1 in Cds1-deficient cells 
 
Since relative decrease in TAG levels differed in dga1 and 
lro1exponentially growing S. pombe cells (Figure 3.5.2.1 A), we wondered 
which of the two TAG synthases was essential for accumulation of TAG in 
cds1-9 cells. The cells were cultured in liquid minimal medium and total lipids 
were extracted for TLC analysis. TLC results showed that cellular TAG levels 
were considerably reduced in dga1 cds1-9 cells as compared to the single 
cds1-9 mutant (Figure 3.5.2.2 A-B). In line with this observation, the number 
of LDs decreased in dga1cds1-9 cells (Figure 3.5.2.2 C-D; LD number in 
dga1cds1-9 cells at 36oC was 52, n=50 cells). Deletion of lro1 in cds1-9 
genetic background also led to some reduction in TAGs (Figure 3.5.2.2 A-B). 
But surprisingly, we observed formation of even larger LDs that frequently 
occupied a large part of the intracellular volume at the restrictive temperature 
of 36
o
C in this genetic background (Figure 3.5.2.2 C-D; LD number in 
lro1cds1-9 cells at 36oC was 133, n=50 cells). We were unable to construct 
a strain where both dga1 and lro1 were deleted in the cds1-9 mutant 
background due to germination failure of the triple mutant cells. However, 
replacement of the native dga1 promoter with a thiamine-repressible nmt81 
promoter allowed us to perform transcriptional shut-off of dga1 in 
exponentially growing lro1cds1-9 cells, resulting in substantial suppression 




In spite of the highly abnormal morphology of lipid droplets, lro1cds1-9 
cells grew considerably better when compared to the single cds1-9 mutant in 
minimal medium at 36
o
C (the doubling time was 5.3 hours vs ~10 hours, 
respectively). On the other hand, dga1cds1-9 double mutant cells exhibited 
considerably depressed doubling time even at the permissive temperature of 
24
o
C (10.8 hours) and almost arrested growth at 36
o
C (>12 hours). Thus, 
activities of the two TAG synthases appeared antagonistic to each other with 
respect to supporting growth of cds1-9 cells. Lro1, in particular, appeared to 
be refractory to growth when Dga1 was absent. Interestingly, cds1-9 cells 
lacking activities of both Dga1 and Lro1 grew similarly to the wild type cells, 
with the doubling time of 2.8 hours. 
 
Taken together, our results suggest that both Lro1 and Dga1 participate in 
TAG biosynthesis in exponentially growing wild type and Cds1-deficient cells. 
The lack of Lro1 that uses PE and/or PC as an acyl donor to produce TAG 
may relieve growth retardation of cds1-9 cells in the absence of the de novo 
Kennedy pathway for phospholipid production. Conversely, in the absence of 
Dga1, higher relative activity of Lro1 could result in PE/PC depletion that 
would be particularly acute and therefore inhibitory to growth in 




Figure 3.5.2.2 Different roles of Dga1 and Lro1 in cds1-9 mutant cells 
 
(A) Thin layer chromatography shows TAG content of cells with indicated 
genotypes at the permissive temperature of 24
o
C. (B) Thin layer 
chromatography shows that deletion of dga1 massively reduces cellular TAG 
content in cds1-9 genetic background at the restrictive temperature of 36
o
C. (C) 
Bodipy 493/503-stained LDs in cds1-9cells lacking the TAG synthases Lro1 
or Dga1, at the permissive temperature of 36
o
C.Scale bar, 5 µm. (D) Bodipy 
493/503-stained LDs in cds1-9cells lacking the TAG synthases Lro1 or Dga1, 
at the restrictive temperature of 36
o




























3.6 Large lipid droplets in Cds1-deficient cells arise from persistent 
expansion rather than fusion 
 
It was previously proposed that deficiency in Cds1 function in budding yeast 
could lead to LD fusion and emergence of super-sized LDs caused by a rise in 
intracellular PA levels (Fei et al., 2011). However, we showed that PA levels 
remained normal in the absence of Cds1 activity in fission yeast. Furthermore, 
we demonstrated that the large LDs in cds1-9cellswere enveloped by the ER, 
with the two TAG synthases strongly enriched at these ER-LD domains. These 
facts lead us to consider the possibility that giant LDs in cds1 mutant cells 
arose as a result of progressive enlargement rather than fusion of pre-existing 
normally sized droplets. 
 
To evaluate this possibility we performed time lapse imaging of cds1-9cells 
expressing the LD marker Tgl4-GFP or the artificial luminal ER marker 
GFP-ADEL (Zhang et al., 2010). Cells were shifted to the restrictive 
temperature of 36
o
C from the permissive temperature and continuous imaging 
started two hours after the shift. We observed emergence of highly refractile 
bodies that recruited Tgl4-GFP and expanded over time (Figure 3.6 A, n=3 
cells). Imaging using GFP-ADEL showed initial clustering of the ER 
membranes followed by their outward expansion and eventual formation of 
large “bubble”-like structures (Figure 3.6 B, n=14 cells). Thus, abnormally 
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large LDs in cells lacking the ER-localized CDP-DAG synthase activity form 




Figure 3.6 Large lipid droplets in Cds1-deficient cells arise from 
persistent expansion rather than fusion 
 
(A) A time-lapse sequence showing emergence and expansion of the 
Tgl4-GFP-marked lipid droplet in cds1-9 mutant cell (indicated by yellow 
arrowhead) at the restrictive temperature of 36
o
C. Also shown are the 
corresponding phase-contrast images. (B) A time-lapse sequence of 
GFP-ADEL expressing cds1-9 mutant cell documents emergence of the 
ER-bound LD at the restrictive temperature of 36
o
C. Insets, magnified views 
of an indicated area. Time is in hours and minutes. Scale bar, 5 µm. Scale bar 























3.7 Mutations in the gene encoding a mitochondrial CDP-DAG synthase 
Tam41 do not result in lipid droplet morphology abnormalities in S. pombe 
 
Cds1 has been long considered the only CDP-DAG synthase in yeast. 
However, a recent study reported that the mitochondrial resident protein 
Tam41, initially identified as a “mitochondria maintenance” protein, also 
exhibited the CDP-DAG synthase activity. It was further shown that Tam41 
enzymatic activity is specifically required for biosynthesis of cardiolipin, a 
major lipid constituent of the inner mitochondrial membrane (Tamura et al., 
2013; Tamura et al., 2006). I wondered if the mitochondria-specific 
CDP-DAG synthase could also impact the cellular neutral lipid storage. To 
this end, I performed a random mutagenesis screen looking for tam41 mutants 
in S. pombe cells. 
 
The C-terminus of the S. pombe Tam41 ortholog was randomly mutagenized 
and multiple tam41 mutants exhibiting retarded growth at 36
o
C were isolated. 
The mutant cells were stained with Bodipy 493/503 and evaluated using 
fluorescence microscopy. In contrast to Cds1-deficient cells, tam41 mutants 
did not exhibit abnormally large lipid droplets. At 24
o
C, some tam41 mutants 
were elongated and exhibited strong Bodipy 493/503 staining at the 
intracellular membranes (Figure 3.7 A). Curiously, we also observed highly 
mis-shapen nuclear envelopes (NE) and overall proliferation of cellular 
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membranes in mutant cells. Bodipy membrane staining may potentially 
indicate the presence of neutral lipids within the endomembrane system. 
However, when I cultured tam41 cells at 36
o
C, I did not detect Bodipy staining 
at the intracellular membranes, although mutant cells remained elongated 
(Figure 3.7 B). 
 
To visualize the ER in tam41 mutant cells, the artificial ER luminal marker 
GFP-ADEL was introduced to tam41-14 cells. The NE was mis-shapen and 




C in tam41-14 cells 
(Figure 3.7 C). Since Tam41 is thought to synthesize CDP-DAG in 
mitochondria, I introduced a mitochondrial marker Etp1-GFP to tam41-6 
genetic background. However, I did not observe gross alterations of 
mitochondrial morphology in tam41 mutant cells. Mitochondria were 
normally extended along the cell length in both wild type and tam41 mutant 
(Figure 3.7 D). I concluded that while Tam41 deficiency did not lead to lipid 
droplet abnormalities, it triggered interesting phenotypes related to ER/NE 
structure. 
 
Taken together, my results suggested that Cds1 is the only CDP-DAG 





Figure 3.7 Mutations in mitochondrial CDP-DAG synthase Tam41 do not 
result in pronounced LD morphology abnormalities in S. pombe 
 
(A) tam41 mutant cells are elongated and show mis-shapen NE together with 
Bodipy-stained intracellular membranes at 24
o
C. (B) tam41 mutant cells do 
not contain large LDs at 36
o
C. (C) ER membranes are proliferated and NE 
exhibit abnormal shape in tam41-14 mutant cells. (D) Mitochondrial marker 
Etp1-GFP shows that mitochondrial morphology does not change overtly in 




























Chapter 4: Discussion 
 
My results suggest that reduced function of the ER-resident CDP-DAG 
synthase Cds1 has a profound effect on cellular physiology in the two fission 
yeast species. Cds1 is a highly evolutionarily conserved enzyme that catalyzes 
condensation of PA and CTP to generate the liponucleotide CDP-DAG, a 
high-energy intermediate in phospholipid production (Figure 3.3.1 D). There 
is a single copy of cds1 gene in fission yeast (Kuchler et al., 1986; Tamura et 
al., 2013). In both S. pombe and S. japonicus, conditional mutations of cds1 
gene leading to the catalytic deficiency of the enzyme at the restrictive 
temperature trigger accumulation of the neutral lipids triacylglycerols and 
formation of large lipid droplets found in unusually close association with the 
ER (Figures 3.2.1A, 3.2.2, 3.1.2, 3.3.1, 3.4.1 and 3.4.2). This function of Cds1 
in lipid droplet formation seems specific: although yeast genomes encode 
another, mitochondrial CDP-DAG synthase Tam41 (Tamura et al., 2013), its 
deficiency seems to impact distinct aspects of cellular physiology, manifesting 
as massive proliferation of endomembranes (Figure 3.7). 
 
4.1 Cds1-deficient cells rely on the Kennedy pathway for survival 
 
Cds1 channels phosphatidic acid towards production of phospholipids through 
CDP-DAG pathway and therefore occupies an important branch point in lipid 
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biosynthesis. Cds1 substrate PA can be alternatively dephosphorylated to DAG, 
with DAG utilized further to yield either the storage lipid TAG or the 
phospholipids PE and PC through the Kennedy pathway (Brindley, 1984; 
Carman and Han, 2009a; Christiansen, 1979; Nanjundan and Possmayer, 
2003). My results of enzyme activity assays of Cds1 in the wild type and 
mutant S. japonicus and S. pombe cells show that in both species the mutant 
proteins are deficient in catalysis but not in PA binding. I also ruled out the 
possibility that the mutant proteins were less stable or partially mis-localized 
(Figure 3.3.3 and 3.4.2 C-D), 
 
Presumably, mutations in cds1 ORF interfered with normal production of 
CDP-DAG and by extension, production of PI, PG and its derivatives, PS, PE 
and PC via the CDP-DAG route of phospholipid biosynthesis (Steiner and 
Lester, 1972). CDP-DAG species are highly labile and are known to be 
present in cells in very small amounts so I was not able to detect it by 
mass-spectrometry in either wild type or cds1 mutant cells (data not shown). It 
was also formally possible that the block to CDP-DAG production could result 
in the steady-state accumulation of PA, similarly to what was proposed in 
budding yeast (Fei et al., 2011). However, we observed no significant 
difference in PA levels (Figure 3.3.4 A). Reasons for this apparent 
inconsistency include differences in experimental set-up (e.g. transcriptional 
shut-off of Cds1 in budding yeast vs conditional loss-of-function mutant in 
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fission yeast) or indeed, divergent physiologies of budding and fission yeast 
with respect to lipid signaling and metabolism (Raychaudhuri et al., 2012). Of 
note, the PA-responsive gene regulation circuitry controlling inositol 
production and phospholipid biosynthesis is not conserved between budding 
and fission yeast; in fact, the fission yeasts are naturally auxotrophic for 
inositol (Fernandez et al., 1986; Gaynor and Greenberg, 1992; Ingavale and 
Bachhawat, 1999).Interestingly, inhibition of dephosphorylation of PA to DAG 
by controlling the expression levels of lipid phosphatase Pah1 also lead to 
appearance of large LDs in fission yeast (Mariya Makarova and Snezhana 
Oliferenko, data not shown). Interestingly, it was shown that in pah1budding 
yeast cells, the size of LDs increased, with the number of LDs decreasing to 
37% and the total amount of neutral lipids remaining comparable to the wild 
type (Adeyo et al., 2011). It was suggested that DAG could facilitate LD 
formation in addition to it serving as a precursor for TAG synthesis. It could 
be useful to compare the PA, DAG and TAG levels in Pah1-deficient cells 
with control and bbl mutants in order to understand the roles of PA and DAG 
in LD size control in fission yeast. It is possible that PA and DAG dis-balance 
may increase the LD size independently of TAG accumulation. 
 
Instead of an increase in PA as was shown for budding yeast (Fei et al., 2011), 
my mass-spectrometry data indicated a profound increase in cellular amounts 
of DAG (Figure 3.3.4 B and C) in cds1 mutants, suggesting that in fission 
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yeast, the available PA is readily dephosphorylated. Increase in DAG levels 
may translate into enhanced rate of TAG biosynthesis. On the other hand, high 
DAG levels could also allow cells to continue synthesizing PE and PC, two 
most abundant eukaryotic phospholipids and major membrane components, 
through the Kennedy pathway (Brindley, 1984; Christiansen, 1979; Nanjundan 
and Possmayer, 2003). Although it appears that inhibiting PA conversion into 
either DAG or CDP-DAG results in formation of large LDs, eliminating both 
pathways of PA utilization simultaneously may produce a different result. I 
was not able to obtain cells deficient in both Pah1 and Cds1 function because 
this combination was lethal. It could be useful to construct conditional mutant 
strains deficient in these two enzymes in future studies. 
 
The Kennedy pathway is the de novo route for phospholipid production that 
requires externally supplemented choline or ethanolamine. Indeed, I found that 
while Cds1-deficient cells were able to continue dividing either in the rich 
yeast extract-based medium or the minimal chemically defined medium with 
choline or ethanolamine supplementation, their growth was largely arrested in 
the minimal medium alone (Figure 3.4.3 A). In line with this, choline 
supplementation resulted in decrease of the cellular TAG content in Cds1 
deficient cells to the wild type levels (Figure 3.4.3 B). My interpretation of 
these data is that presence of choline in the medium allowed utilization of 
DAG for phospholipid production in addition to its acylation to TAG. 
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Correspondingly, I found that the amount of the saturated stearic acid (C18:0) 
that together with palmitic acid (C16:0) was shown to be predominantly 
incorporated into TAG was increased in Cds1-deficient cells in the minimal 
medium but was restored to the wild type levels upon choline supplementation 
(Table 4). Furthermore, I found that the amount of other fatty acids species 
also decreased under these conditions, indicating an overall drop in cellular 
TAG storage in mutant cells (Table 4). 
 
Taken together, my data suggest that Cds1-deficient cells exhibit a profound 
shift in cellular lipid composition and rely on the Kennedy pathway to produce 
phospholipids required for their growth. In spite of apparently normal growth 
of cds1 mutant cells in phospholipid precursor-supplemented medium, the 
CDP-DAG-dependent route of phospholipid biosynthesis may be vital in 
specific physiological scenarios such as nutrient starvation, mating or 
germination. Of note, I observed abnormally high numbers of dead spores 
following mating of cds1 mutant cells, in both S. japonicus and S. pombe, 
apparently because of frequent spore germination failure (data not shown). In 
line with the possible specific requirement of Cds1 in spore germination, it has 
been reported as an essential protein in both budding and fission yeasts (Kim 
et al., 2010). My results suggest that lowering Cds1 activity to below 20% 
allows vegetatively growing cells to survive and continue dividing, as long as 
the bulk of structural phospholipids are produced by the Kennedy pathway. 
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The nearly complete switch of phospholipid biosynthesis to the Kennedy 
pathway observed in my work suggests that similar events may occur in the 
wild type, under some circumstances such as shortage in substances needed in 
CDP-DAG-dependent route of PA utilization. 
 
4.2 Cds1-deficient cells assemble lipid droplets of unusual morphology 
 
An increase in TAG synthesis in Cds1-deficient cells did not translate into a 
higher number of LDs per cells. Conversely, the cellular density of LDs 
decreased, a phenotype especially pronounced in rich yeast-extract medium, 
leading to the eventual emergence of a few “super-sized” droplets virtually 
enclosed within the ER elements (Figure 3.1.2 and 3.4.2 B). This contrasted 
with the wild type situation where lipid droplets lie in the cytoplasm bound by 
a single phospholipid monolayer (Ostermeyer et al., 2001; Ozeki et al., 2005).  
 
The unusual LD morphology in cds1 mutant cells raised the question if 
triacylglycerols contained in these LDs were available for cellular metabolism. 
The neutral lipids in LD core are not only used by the ER via molecule 
exchange (Levine, 2004) but also by other organelles such as peroxisomes for 
energy production via beta-oxidation (reviewed by (Fujimoto and Parton, 
2011)). To examine whether the surrounding ER membranes prevented access 
of catabolic enzymes and utilization of triacylglycerols within the abnormal 
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LDs, I arrested cellular FA synthesis in both wild type and Cds1-deficient cells 
by the FA synthase inhibitor cerulenin (Awaya et al., 1975). I then observed 
the faith of these cells and also LD morphology over time. In the absence of 
FA production, the Cds1-deficient cells underwent several rounds of division, 
unlike the control cells that divided only once (Figure 3.5.1 C and D). This 
was accompanied by continuous shrinkage of large LDs, suggesting that cells 
have been able to utilize TAG (Figure 3.5.1 D). This result together with the 
fact that the major TAG lipase Tgl4 localized to the surface of abnormal LDs 
(Figure 3.5.1 C-D) indicated that these lipid droplets were fully functional in 
spite of their unusually close association with the ER membranes. Thus, the 
enclosing ER membranes did not seem to isolate the abnormally large LDs 
from the cytosol (Figure 3.5.1 D). 
 
It has been proposed that elevating concentration of the fusogenic lipid PA or 
decreasing the abundance of PC leads to fusion of LDs into larger entities (Fei 
et al., 2008; Guo et al., 2008; Krahmer et al., 2011). We have not observed any 
fusion events between the pre-existing structures; rather, the abnormal LDs 
continued expanding over time (Figure 3.6). In line with this, S. japonicus 
bbl1 cells exhibited neither higher PA, as discussed above (Figure 3.3.4 A), 
nor lower PC concentration (data not shown). Thus, I became interested in 
understanding how TAG synthesis is controlled and how large LDs in cds1 




LDs are thought to separate from the ER after maturation (reviewed by 
(Goodman, 2008)). Since LDs in Cds1-deficient cells remained tightly 
associated with the ER (Figure 3.1.2 and 3.4.2 B), I wondered if under these 
conditions, the ER continued supplying TAG to LDs. Thus I set out to 
characterize the roles and distribution of TAG synthases in the mutant cells.  
 
Lro1 and Dga1 are the major TAG synthases in yeast cells (Figure 3.5.2.1 A). 
While Dga1 is the DAG acyltransferase that utilizes acyl-CoA as an acyl 
donor (Oelkers et al., 2002), Lro1 is an acyl-CoA independent diacylglycerol 
acyltransferase that is thought to use PE or PC as acyl donor (Oelkers et al., 
2000). Consistent with persistent expansion of LDs in Cds1-deficient cells 
both Dga1 and Lro1 were enriched at the LD-associated ER membranes 
(Figure 3.5.2.1 B and C). Dga1, in particular, strongly localized to the rim of 
giant LDs, consistent with previous findings that it synthesizes TAG in situ 
(Jacquier et al., 2011; Kuerschner et al., 2008; Xu et al., 2012), and further 
indicative of a particularly tight association between the ER and the LDs in 
this mutant background. 
 
I found that Dga1 and Lro1 contributed differently to TAG production in Cds1 
deficient cells. In line with Dga1 localization, TAG accumulation was 
considerably decreased in its absence (Figure 3.5.2.2). Lro1 also appeared to 
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participate in TAG production in Cds1-deficient cells, albeit to a lesser degree 
(Figure 3.5.2.2). Interestingly, Cds1-deficient cells lacking Lro1 grew 
considerably better than those containing the dga1 deletion (data not shown). 
Since Lro1 must use the phospholipids PE or PC as acyl donor, this result is 
consistent with my conclusion that cds1 mutant cells are generally deficient in 
phospholipid production. 
 
Once the “bubble”-like ER domains were established, they appeared 
continuous with the rest of the ER throughout LD expansion, as judged by 
localization and mobility of both membrane-associated and luminal marker 
proteins (Figure 3.1.2 B-E). The emergence of large TAG-producing “factories” 
and presumably, restructuring of the ER-LD contact sites could be possibly 
explained by an overall increase in DAG concentration observed in 
Cds1-deficient cells (Figure 3.3.4 B and C). Since DAG is an immediate TAG 
precursor, this is expected to promote TAG synthesis through esterification of 
the available DAG. In a system functioning under higher synthetic load, the 
amount of phospholipids required to assemble the LD shells may become 
limiting, especially in cells deficient in one of the two branches of 
phospholipid biosynthesis. In such situation, emergence of larger droplets 
would be favored. Interestingly, overexpression of DGAT2, the ortholog of 
yeast Dga1, is sufficient for development of giant LDs in mammalian cells 
(Cases et al., 2001). On the other hand, excess DAG in the ER membrane 
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could have a direct role in regulating the TAG packaging into LDs by 
changing membrane curvature or affecting recruitment of relevant proteins 
(reviewed in (Carrasco and Merida, 2007)). Of note, high local content of 
DAG has been proposed to promote LD biogenesis in budding yeast by 
modifying ER membrane properties (Adeyo et al., 2011). 
 
Based on my experiments, I concluded that triacylglycerols are being 
continuously generated at the ER/LD interface and imported into the 
expanding LDs in Cds1-deficient cells. Presumably, the TAG synthesis 
machinery remains associated with the large LDs or even connects the large 
LDs to the ER membranes. According to the current models of LD formation 
(Figure 1.3), lipid droplets are generated from lipids originating in the ER but, 
the mechanism underlying excision of LDs from the ER membranes remains 
unknown. My results raise a possibility that relative abundance of neutral 
lipids and phospholipids constituting the LD shell could ultimately control the 
LD size. 
 
4.3 Conclusions and perspectives 
 
During my Ph.D studies, I mainly focused on understanding how a single 
mutation in Cds1, the major CDP-DAG synthase, could impact on 
triacylglycerol storage and cellular physiology in fission yeasts. This allowed 
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me to generate some insights into lipid droplet biogenesis and their size 
control but also aid in exploration of interactions between the LDs and the ER. 
 
I have started with isolation of a conditional S. japonicus mutant exhibiting 
large ER-bounded lipid droplets and a vastly increased TAG content. I 
discovered that this phenotype could be attributed to a single amino acid 
change in the sequence of the ER-resident CDP-DAG synthase Cds1 leading 
to a profound decrease in its catalytic activity and, hence, virtual shutdown of 
the CDP-DAG pathway of phospholipid biosynthesis. To facilitate cellular 
imaging and physiology studies but also to verify if this function of Cds1 in 
TAG metabolism was evolutionarily conserved, I generated cds1 mutants in 
another fission yeast species, a commonly used model system S. pombe. I 
confirmed that Cds1 deficiency in this organism resulted in a similar set of 
phenotypes as in S. japonicus and set out to characterize physiological 
requirements for cellular growth and the mode of lipid droplet formation in 
mutant cells. I showed that cds1 mutants adopted a DAG and TAG-rich 
lifestyle and that enabling the Kennedy pathway of phospholipid production 
allowed them to proliferate normally. My findings have provided an important 
insight into the relationship between the two major phospholipids synthesis 
pathways. 
 
In the bbl mutant cells, the Kennedy pathway works as a back-up route for 
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phospholipid biosynthesis. To learn whether and how the situation could be 
reversed when the Kennedy pathway is blocked is interesting. Furthermore, 
how cellular lipid metabolism is balanced between these two routes of 
phospholipid production in wild type cells may deserve future study. It is 
possible that in nature, the two pathways function at different cell cycle stages 
and under different conditions of nutrient availability. According to my results, 
the switch between these phospholipid biosynthesis pathways could impact the 
amount of storage lipids and LD size. As introduced in section 1.2.1, the 
accumulation of neutral lipids may cause human diseases including diabetes 
and NLSD (Brown et al., 1980; Igal and Coleman, 1998; Londos et al., 1999a). 
Further study of the crosstalk between the CDP-DAG-dependent pathway and 
the Kennedy pathway may provide insights into the pathophysiology of the 
disease. 
 
I then set out to investigate formation and architecture of abnormal lipid 
droplets in Cds1-deficient cells. I found that importantly, these LDs were 
metabolically active and recruited the TAG lipase to their surface. This is 
different from similarly large but lipolysis-resistant lipid droplets formed in 
PC-deficient cells (Krahmer et al., 2011). I found that the unusually large size 
of LDs in cds1 mutant cells could be attributed to their continuous expansion 
rather than fusion between smaller droplets. I found that both TAG synthases, 
Dga1 and Lro1, contributed to LD expansion and characterized their differing 
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contribution to this process and mutant cell survival. In Cds1-deficient mutant 
cells, Dga1, the TAG synthase that uses acyl-CoA as an acyl donor, is the 
major enzyme for TAG synthesis (Figure 3.5.2.2). It is possible that Lro1 
plays a minor role in these cells because phospholipids that serve as acyl 
donors for Lro1-dependent catalysis are scarce in this particular mutant. High 
levels of TAG in Cds1-deficient cells could also mean a higher consumption 
of acyl-CoA precursors supporting TAG production. Understanding if 
changing the amount of this important metabolic intermediate could influence 
the cellular metabolism in the mutant cells may prove interesting. Curiously, 
although the TAG amount decreases when Lro1 is deleted in Cds1-deficient 
cells, the size of LDs in the lro1 cells increases dramatically, possibly due to 
an imbalance in cellular phospholipid content. It would be of interest to 
perform phospholipid analyses in the wild type, Cds1-deficient cells, 
lro1Cds1-deficient cells and dga1 Cds1-deficient cells in future, linking 
cellular phospholipid composition to TAG abundance and the LD size. 
 
My work also provides important evidence supporting the in situ model of LD 
growth and provided a new set of tools to study this problem. I further propose 
that formation of larger LDs is favored in Cds1-deficient cells due to both 
increased biosynthetic flux through DAG into TAG and the limiting amount of 
phospholipids required to coat the emerging LD. It will be of interest to 
examine the role of phospholipids or, alternatively, DAG in controlling the 
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size of LDs. 
 
In addition to the TAG synthesis machinery continuously channeling neutral 
lipids to the core of the abnormally large LDs in the Cds1-deficient cells, the 
concurrent TAG hydrolysis presumably occurs at these large LDs to provide 
energy and structural molecules needed for cellular survival (Figure 3.5.1). 
This indicates that while the ER membranes are virtually enveloping LDs in 
cds1 mutant cells, they do not fully seal LDs inside allowing them to exchange 
material with the cytosol. It is possible that higher concentration of TAG 
synthesis machinery or other LD-associated proteins accumulating at the 
ER-LD interface or abnormal amount of phospholipids required to coat LDs 
could produce such tight association between the ER and LDs. Another 
possible reason could be a failure in releasing LDs from the ER membranes, 
possibly due to accumulation of DAG (Figure 3.3.4 B and C). These hints may 
be helpful in discriminating between the models of LD biogenesis. 
 
I conducted my studies in two genetically tractable unicellular eukaryotes. The 
ease of experimental manipulation allowed me to provide insights into lipid 
droplet biogenesis, their size control and interactions between the LDs and the 
ER. Although Cds1 and other lipid metabolic enzymes discussed in my work 
are evolutionarily conserved, the precise contribution of their homologs to 
cellular metabolism could be cell type-specific. Ultimately, it would be 
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important to extend my work to mammalian cells in order to relate it to normal 
human physiology and metabolic disorders. Another interesting avenue to 
explore could be manipulating CDP-DAG synthase activity in plants or 
microorganisms to engineer higher cellular oil content for energy and food 
applications. Finally, the S. pombe collection of conditional and constitutive 
mutants will be useful for elucidating functional interactions of both Cds1 and 
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